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N RECENT years specific evidence has accumulated for the existence 

of genes influencing body size in mice. GREEN (1931 et seq.) crossed 
two species of mice differing greatly in body measurements in order to test 
for possible linkage between color genes and size genes. He reported asso- 
ciation in F, and backcross populations of larger size and the recessive gene 
brown, introduced by the larger parent. Two other chromosomes marked 
with the dilution and non-agouti genes at first showed association with 
larger body size, but subsequent data indicated that the differences were 
statistically significant only as regards the chromosome carrying brown. 
GREEN concluded that the chromosome bearing this gene also contained 
genes influencing body size. Later (GREEN 1935b) data were reported in- 
dicating crossing over between brown and size genes located on the same 
chromosome. 

CasTLE, GATES and REED (1936) repeated the experiments of GREEN 
using different inbred strains of mice. They reported significant differences 
in body length and body weight for brown mice over black mice and dilute 
mice over intense mice. Further studies by CASTLE, GATES, REED and 
Law (1936) gave the following interesting results. Brown mice were 
significantly larger than their black sibs by all size criteria used. Dilute 
mice were regularly smaller than their intense sibs. However, unlike the 
previous backcrosses studied, the dilution gene was closely associated with 
the gene for short-ear. Pink-eyed segregates were slightly smaller than 
their normal sibs, although the pink-eye gene was originally introduced 
into the cross by the larger parent. Linkage with size genes seemed to be 
an inadequate explanation for the size differences found in these backcross 
populations. A direct, physiological action on growth by the mutant genes 
studied was the interpretation given. As regards their influence on size, 
brown and dilution were found to have accelerating effects, pink-eye and 
short-ear retarding effects. Only in the case of the dilution and short-ear 
genes, however, was there direct evidence for assuming that these genes 
were themselves influencing body growth. 

The crosses to be reported here were a continuation of the program 
begun at the Bussey INstiTuTION. Several objectives were in mind in car- 
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rying out this work. First, an attempt was made to test for genes influenc- 
ing size in the chromosome marked by recessive (piebald) spotting (s) 
and by waltzing (v). Second, further data relating to the association of 
larger body size and brown were desired since indirect evidence suggested 
that this was an effect of the brown gene itself on growth. In one cross 
made in this series, involving the Pincus inbred strain, the chromosome 
bearing brown is introduced from a source different from those already 
tested. In a second cross, using the wild musculus strain, a different genetic 
set-up is used in an attempt to determine the characteristics of this associ- 
ation. Third, the effects of dilution and short-ear were obtained from 
crosess in which either the chromosome bearing only dilution or the chrom- 
osome bearing both dilution and short-ear closely linked were under con- 
sideration. Backcross offspring segregating for short-ear (free of the dilu- 
tion gene) are considered in this study in the hope of arriving at some 
estimation of the direct influence of this gene. The fourth objective 
relates to a study of the apparent localized effect of the dilution gene in 
the tail region which was reported in a previous study (CAsTLE et al 
1936 II). 

The inbred strains of mice used were the Little (dba), bactrianus, Gates, 
and Japanese waltzing strains described in the previous reports. In addi- 
tion a brown, piebald inbred strain designated the Pincus strain, a wild 
musculus (DBA) strain and an inbred strain of mice homozygous for 
short-ear (se), and extreme dilution (c*), an albino allele, were used. This 
is designated the Snell strain. A close approach to homozygosity is 
expected in all races employed except the last two which unfortunately 
aré not as highly inbred as desired. 

Size characters studied were adult body weight, body length and tail 
length measured in the manner described by SUMNER (1927). In addition 
tail ring number, number of caudal vertebrae, and length of 15th caudal 
vertebra were used as size criteria in some crosses. 

In backcrosses designed to test for association between size genes and 
specific qualitative genes the segregates are treated separately as to type, 
considering one pair of alleles at a time. For example, all mice of backcross 
matings carrying the dominant gene black (B) have been compared with 
all recessive brown (b) mice, weighted equally. In like manner, the agouti 
(A) offspring have been compared with all non-agoutis (a), intense (D) 
mice with dilutes (d), etc. Sexes have been treated separately. Differences 
between the means with their corresponding standard errors, along with 
the general trend of the mean differences, have been used as criteria for 
the detection of association. In crosses where the parental strains used 
are nearly the same size, and where the number of backcross offspring 
obtained was comparatively small, the data have been subjected to 
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analysis of variance (after SNEDECOR 1934). This entails the use of the 
sum of squares of combined data. In this manner the variation traceable 
to specified sources may be segregated. For testing significance between 
classes the mean squares and a standard error derived from the residual 
or experimental error is used. 


CROSS I 
Backcross of Gates females to males of the F; (Gates/Japanese) race 


There are five markers in the chromosomes of the Gates strain of mice 
used in this cross, pink-eye (p), short-ear (se), dilution (d), brown (6), and 
non-agouti (a). The genes d and se are in the same chromosome and are 
closely linked. Ths race was obtained originally by Dr. W. H. GATEs by 
crossing a dilute, pink-eye mouse of Strong’s inbred strain to Little’s (dba) 
strain. In body weight 17 adult males range from 22 to 33 grams, an 
average weight of 26.2 grams. 

The Japanese waltzer, which probably originated from the common 
mouse of Central Asia, bears the varietal name of Mus wagneri rotans 
Fortuyn. These mice were homozygous for piebald (s), waltzing (v), black 
(B), intensity (D), and non-agouti (a). The average weight of males was 
found to be 17.6 grams and of females 16.8 grams. Other measurements 
obtained from a small number of mice were body length 8.0 cms and tail 
length 8.2 cms. 

The F; animals were secured from matings of 9 Gates by o Japanese. 
Heterosis was quite apparent as regards body weight, which for the com- 
bined sexes was 24.8 grams. Other measurements which closely approach 
those of the larger Gates strain are body length 9.4 cms and tail length 
8.2 cms. 

Since d and se are closely linked there are eight backcross classes, 
brown, black, pink-eye brown, pink-eye black, dilute brown short-ear, 
blue short-ear, pink-eye dilute brown short-ear, and pink-eye blue short- 
ear. 

Comparative size measurements for each pair of alleles under considera- 
tion are given in table 1. The results are similar to those obtained by us 
in the reciprocal cross using F; animals as mothers. Brown is unmistakably 
associated with larger body size as determined by a series of three size 
measurements. Dilute short-ear mice are smaller than their intense, 
normal ear sibs in body weight and tail length measurements. In other 
backcrosses studied dilution was found to be regularly associated with 
larger body size. The pink-eye gene although derived from the larger 
parent had a tendency to be associated with smaller body size as reported 
in the reciprocal backcross (Castle et al 1936 II). This tendency was mani- 
fested in all characters studied except body weight in the case of females. 
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In this backcross, using Gates mothers, the association is evident only 
in body length and tail length measurements, whereas greater body 
weight for both sexes is associated with the pink-eye gene. Although the 
sample obtained here is not as large as that reported for the reciprocal 
cross, the data do not clearly indicate a definite association between the 
pink-eye gene and smaller body size. 


CROSS 2 


The 92 F, (Gates/Japanese) by & Japanese backcross 


This cross was made in order to determine whether a correlation exists 
between piebald (s) and waltzing (v), located on separate chromosomes, 


TABLE I 
Comparative size measurements of different phenotypic classes from matings of 9 Gates by & F;. 








MEAN BODY WEIGHT (GRAMS) MEAN BODY LENGTH (CM) MEAN TAIL LENGTH (CM) 























PHENO- 
TYPE NO. roses NO. 9° NO. fo stogs NO. 29 NO. ad NO. 29 
b 48 26.82 61 21.81 48 9.51 61 9.13 48 7.96 61 7.71 
B 92 25.37 62 21.70 72 9.18 62 9.10 72 7.96 62 7.63 
Diff. Means 1.65+ .60 -11t.55 -33+ .09 03+ .07 —.02+ .09 08+ .06 
se 57 25.62 6x 21.42 57 9.41 61 Q.11 57 7.73 61 7.66 
SE 63 26.19 62 22.08 63 9-37 62 9.11 63 8.02 62 7.68 
Diff. Means —.57+.59 — .66+ .55 -04+ .08 —.29+.10 —.02+ .08 
p 28 26.23 46 22.56 28 39. 34 61 9.10 28 867.92 61 7.62 
P 92 25.81 77. 21.29 92 9.41 62 9.12 92 7.99 62 7.68 
Diff. Means -42+ .61 2.27% .57 —.07+ .07 —.02+ .06 —.o7+.11 — .06+ .06 








and specific factors influencing size. FELDMAN (unpublished) obtained data 
on some F; and backcross generations which seemed to indicate that 
smaller body size was associated with piebald. Generally, waltzing mice 
are found to be smaller than their normal sibs. 

The mice used were the Gates strain and the smaller Japanese strain 
described in the preceding cross. F,; mice were obtained by crossing 9 Gates 
by o Japanese. The F; animals were backcrossed to the Japanese strains, 
using only 2 F,; by o& Japanese crosses. Some difficulty was encountered 
in breeding these animals. Thus a regretably small number of backcross 
mice was obtained, and these were collected over the most part of a year. 

Five size characters were studied. Adult body weight was taken on the 
181st day. Mice were then chloroformed and body length and tail length 
measurements obtained. The tail was then cleared in KOH and glycerine 
and the number of caudal vertebrae counted. By using a vernier caliper 
the length of the 15th vertebra was measured to the nearest tenth milli- 
meter. 
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Table 3 gives the mean adult measurements with the corresponding 
standard deviations as well as the differences of the means. In both sexes 
an almost constant feature is that black animals are largest, followed in 
decreasing order by black piebald, black waltzing, and black piebald 
waltzing animals. In body weight, among the females, waltzers are 6.4 
percent lighter and animals homozygous for both recessives are 12.2 per- 
cent lighter than their normal black sisters. 

In order to make the measurements comparable the total number of 
waltzers (BovSs and Bvvss) is compared with all normal mice (BV2Ss and 
BVovss), weighted equally. In like manner, all piebald mice (BVvss and 
Bvvss) are compared with all normal mice (BVvSs and BuvSs). Waltzing 
mice are smaller than their normal sibs in all characters studied, signifi- 
cantly so in body weight and length of caudal vertebrae. 


TABLE 2 


Influence of particular genes on body size in the backcross to the F, animals as indicated by a 
percentage increase or decrease (—) of the average. 














MALES FEMALES 
BODY BODY TAIL BODY BODY TAIL 
WEIGHT LENGTH LENGTH WEIGHT LENGTH LENGTH 
Brown 6.30 3-51 -27 «51 -44 1.04 
Dilute short-ear —2.17 42 —3.60 —3.05 ° —.27 
Pink-eye 1.60 —.74 — .89 5.87 —.22 —.79 





Piebald mice are smaller than their unspotted sibs for all characters 
except tail length in males. Here the mean differences in some cases are 
almost negligible, but the same trend is evident. 

If analysis of variance is used, the data may be better analyzed. In this 
manner the entire data are combined, and variance due to known causes 
determined. Known causes of variance in this cross are sex, the genes s 
and v. For combined data the mean square body weight of non-waltzing 
mice is 19.74 grams and for waltzers 17.25 grams. The mean square 
difference of 2.49+.64 grams gives P=.o1. Values of P are secured from 
Fisher’s tables. The mean square difference between piebald and self mice 
is only .56+.62. The value of P here is .30. The former is expected to be 
exceeded in random sampling from a homogeneous population only once 
in a hundred trials, the latter thirty times. Since the former value obtained 
is actually less than the one percent point such a value would not appear 
in random sampling even in one percent of the trials, and it is thus highly 
significant. The latter value P=.30 cannot be considered statistically 
significant. 

The mean square differences for body length and tail length in com- 
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paring both waltzing and piebald mice with their normal sibs are as 
follows: waltzers are smaller by .55+.09 centimeters. This gives P=.or. 
Piebald mice are smaller by only .03+.09 cms. P=.70 which is not 
significant. In tail length, waltzers are smaller by .53+.09 cms where 
P=.o01, which may be regarded as highly significant. As regards piebald 
there is no significant difference of the mean squares. 

The question arises as to whether the mean differences obtained are 
representative of true genetic effects of the waltzing and piebald factors 
(or closely linked size factors). The above mean differences, especially 
those observed between waltzers and non-waltzers are relatively large. 
The approximate mean weight of waltzing mice is 17.5 grams as compared 
with a mean weight of 24.8 grams for the Cates strain. The Japanese ani- 
mal is approximately 30 percent smaller. If it is assumed that the dif- 
ference between the mean body weights is determined principally by 
genetic factors located on the chromosome bearing the waltzing gene, 
this one chomosome pair out of twenty accounts for nearly 30 percent of 
the difference in body weight. If such observed results are genetic in the 
sense of being determined by size factors in this chromosome, these must 
necessarily be classed as “major” size factors, as are possibly brown and 
dilution, but exerting a contrary effect to these. 

It may be argued that the smaller general body size of the waltzers is 
due to the constant weaving motions of these mice. From periodic weigh- 
ings, however, it was found that the logarithmic increase in weight for 
female waltzers over the two month period, four months to six months of 
age, is .02469 and for non-waltzers .02320. Waltzing males have an increase 
in body weight of .o2410, whereas their non-waltzing brothers increase by 
only .oo620. Early growth curves were not obtained, but it is evident from 
constant handling of the animals that waltzers are smaller from birth. 

There is the possibility that the recessive genes waltzing and piebald 
have deleterious effects on the growth of the animal. However, brown 
and dilution, which are recessive genes, apparently exert a contrary effect 
on growth. 

In a cross involving these two strains of mice GATES (1926) reported 
that an “association system” of chromosomes was formed such that certain 
combinations were found in excess of those expected in independent assort- 
ment. PAINTER (1927) gave cytological evidence showing that the bi- 
valents formed at the first maturation division in the F; mice exhibited a 
peculiar behavior. 

The mice used in this cross, although the same as used by GATES, were 
inbred to a greater degree. It is true that the doubly homozygous, pie- 
bald waltzing animals, are generally smaller than the single homozygotes, 
but from the data obtained it can be seen that there is no indication of 
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such an “association system.” The backcross segregates recorded by 
CasTLE, GATES and REED (1936), resulting from a cross of parental 
strains similar to those employed by Gates, showed no significant devia- 
tions from expectation. 


CROSS 3 
The 2 F, by o& Pincus Backcross 


This backcross was made in the hope of securing further data on two 
questions of general theoretical interest. First, is the question of whether 
the correlation of larger body size and brown coat color observed by 
GREEN (1931) and by FELDMAN (1935) and a similar association involving 
both brown and dilution (CAsTLE, GATEs, REED and LAw, 1936) may 
be attributed to the influences of size factors located on the chromosomes 
bearing these markers, or whether these phenomena result from the phys- 
iological action of the color genes per se upon growth processes. 

A second point of interest concerns the chromosome bearing piebald (s). 
In the previous 9 F; by o& Japanese cross there was some indication of a 
correlation between smaller general body size and piebald. 

The Pincus strain has been inbred, brother by sister, for more than 
twenty generations. Due to the paucity of this stock, adult measurements 
are from small numbers of mice. From the growth curves of MARSHAK 
(1936) adult weight obtained on the 181st day is nearly the same for 
both sexes, 23 grams. Mean body length for both sexes combined was 
found to be 10.22 centimeters, and mean tail length 7.92 centimeters. 
Four chromosomes were marked by the following genes, C, a, b, and s. 
Thus genotypically they are CCaabbss. 

The F, animals used were those described in the first cross, from 9? 
Gates by o Japanese. The chromosome marked by 0 is derived from the 
larger Gates strain and the chromosome marked by s from the smaller 
Japanese waltzing strain. The backcross was made in only one direction, 
using females of the F; stock and males of the inbred Pincus line. Backcross 
mice segregated into four classes, brown, brown piebald, black, and black 
piebald. 

A total of 452 animals constitutes the backcross population. Size meas- 
urements were obtained over a relatively short period of time, six months. 
Animals were weighed every two months, and adult body weight was 
obtained on the 181st day at which time all other measurements were 
secured. 

By reference to table 4 it can be seen that brown (6) animals are larger 
than black (B) mice for all size measurements. If all the brown males, 
bbSs and bbss are compared with all black males, BbSs and Bbss, weighted 
equally, the differences of the means are all in favor of the brown mice. 
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Only the differences in body weight, number of caudal vertebrae, and 
length of vertebra among the males, and length of 15th vertebra in 
females can be considered of statistical significance, but all are in the same 
direction. 

The results as regards the effects on general body size of piebald (s) 
or closely linked size factors, are not clear-cut. There was some indication 
from the second cross, where s was introduced by the smaller Japanese 
parent, as well as from data of FELDMAN that piebald mice were generally 
smaller than their normal sibs. If we compare all piebald mice (bbss and 
Bbss) with all heterozygous non-piebald mice (b+Ss and BOdSs), it is seen 
that among the males piebald mice are smaller for all size measurements 
obtained. These mean differences in some cases are almost negligible but 
all in the same direction. In the female backcross population piebald mice 
are smaller in only body length and length of caudal vertebra. It is 
expected that males should provide the most reliable data. 

Upon the assumption that size factors, possibly inhibitory in effect, 
have become associated with the piebald factor in the smaller Japanese 
race, we might expect these to be absent in the larger Pincus strain, or 
through selection this piebald marked chromosome may have accumulated 
size factors favorable to or stimulating growth. If such is the case, the 
piebald backcross segregates in this particular cross should not neces- 
sarily show smaller size, but may possibly be larger than their non-piebald 
sibs. If, on the other hand, the piebald factor itself is physiologically 
influencing growth, this factor should produce the same effect no matter 
from what strain it is derived. From the data obtained it can be seen that 
there is a slight indication that the piebald gene, like the dilution and 
short-ear genes, influences body size. 


CROSS 4 


The 9 F, wild (Little/wild) by @ Little backcross 
and its reciprocal, the 9 Little by 
o' F; wild cross 


In the crosses thus far studied three marked chromosomes have given 
indication of bearing genes having a favorable influence on the growth of 
mice obtained in the backcross gerierations. Brown mice are larger than 
their dominant black sibs. Dilution mice are likewise larger than their 
dominant intense sibs. Although the dilution effect was somewhat less 
pronounced in body measurements, as compared with the brown factor 
or factors, a more definite favorable effect was noted on tail measurements, 
particularly length of tail and number of tail rings and number of caudal 
vertebrae. This effect must necessarily be spoken of as apparent, since 
it is not known whether the size measurements used are comparable. The 
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chromosome carrying agouti has not given results that may be considered 
as conclusive as the other two. GREEN’s earlier work (1931) showed that 
non-agouti mice were slightly larger than agoutis. In a later publication 
(1931b), using the same inbred strains of mice he reports that the agouti 
mice (agouti coming from the smaller parent) tend to exceed non-agoutis 
in size. In a cross already reported (CASTLE et al 1936 II) we could find 
no consistent influence either on increase or decrease in size. Non-agouti 
females were larger than males by all three criteria used; body weight, 
body length and tail length. But among the males a contrary relation was 
found. Further studies on three additional size characters, tail ring num- 
ber, number of caudal vertebrae and length of 15th caudal vertebra showed 
that the mice homozygous for non-agouti (which came into the cross from 
the larger musculus race) had a significantly greater tail ring number in 
both backcrosses. 

The parental strains used in this cross were the dba strain of Little 
and a wild (DBA) inbred strain of mice. Unfortunately the latter strain 
is not highly inbred. The wild strain is slightly larger in body measure- 
ments than the Little strain. The measurements obtained from the pure 
Little strain were body weight 23.54 grams, body length 9.70 cms, tail 
length 8.15 cms. For the wild animals these were body weight 24.50 grams, 
body length 9.72 cms and tail length 8.23 cms. These measurements are 
for males and females combined. The F; animals show heterosis effects, 
being considerably larger than either of the two parental strains. The 
measurements obtained from these F; animals (males and females) were 
29.40 grams for body weight, 10.41 cms for body length and 8.91 cms for 
tail length. 

This cross involves the same genes as the crosses made by GREEN (1931) 
and by CastLe, Gates, REED and LAw (1936). In those crosses the 
three chromosomes marked by D, B, and A come from the smaller bac- 
irianus strain. In the present cross the chromosomes marked by the three 
independent genes come in from the slightly larger wild musculus parent. 
The backcross populations which were made reciprocally comprise 673 
animals. One additional size character has been studied in these crosses, 
namely, tail ring number. The importance of this character in quantitative 
studies was first reported by FortuYN (1930), although taxonomists have 
long recognized its value. 

In both backcrosses brown animals are larger than the black sibs for 
all six measurements obtained (tables 5 and 6). This is more pronounced 
in adult body weight (181st day), body length and tail length. If the 
two backcross populations are combined, males and females, and the 
variance caused by reciprocal crossing, sex and color (in this case, brown) 
is calculated, it is seen by reference to table 7 that brown anunals are 
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TABLE 7 


Q Little by S F, wild crosses. 
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significantly larger than their black sibs in all size measurements with the 
exception of tail ring number. 
Dilute mice are not consistently heavier or longer-bodied than intense 


Analysis of variance of backcross progeny from matings of 2 F, wild by & Little and 























DEGREES ow oF MEAN SQUARE 
MEASUREMENT VARIANCE DUE TO OF S. D. DIFFERENCE 
rrEEpoM S@UARES AND P 
Total 672 12053.71 3-37 -49+ .23 
reciprocal crosses I 16.30 
Body weight (grams) _sex I 4379-38 
color (brown) I 38.80 P=.05 
residual 669 7629.25 
Total 587 366.15 -78 20+ .06 
Body length (centi- reciprocal crosses I 0.14 
meters) sex I 9.18 
color (brown) I 5.38 P<.o1 
residual 584 351-45 
Total 517 177.2 «7 18+ .05 
Tail length (centi- reciprocal crosses I O.1 
meters) sex I 7-9 
color (brown) 1 4.2 P<.o1 
residual 514 165.0 
Total 504 9215.0 4.24 40+ .37 
reciprocal crossses I 133.6 
Tail rings sex I 77-3 
color (brown) I te¥ P=.3 
residual 501 9002.6 
Total 426 1697.4 1.99 434.19 
reciprocal crosses I ° 
No. caudal vertebrae _— sex I o.1 
color (brown) I 15.0 P<.05 
residual 423 1682.3 
Total 424 46.7 33 -08 + .03 
Length of rsth verte- reciprocal crosses I ° 
bra (millimeters) sex I £3 P<.o1 
color (brown) I i 
residual 421 45.1 











mice. As in other crosses the effect of the dilution gene is apparently great- 
est in the tail region, where significant differences in the number of tail 
rings and number of caudal vertebrae are in favor of the dilute segregates. 
Agouti mice are not consistently heavier than non-agoutis. In the 9 
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Little by @ F; wild cross, both males and females are heavier. The other 
mean differences in a positive direction are almost negligible. Females in 
the reciprocal 2 F; wild by o&@ Little backcross show a contrary relation- 
ship. All agouti mice are longer-bodied, but again the mean differences 
are too small to be conclusive. CASTLE (1934), in attempting to locate genes 
influencing general body size in rabbits, and LivesAy (1930) working with 
rats, could find no association of the agouti gene with genes favorable to 
general body growth, although in both reports there was some indication 
of their existence. 
TABLE 8 
Analysis of variance of backcross progeny from matings of 9 F, wild by & Little and of 9 


Little by oF, wild crosses. 











DEGREES SUM OF MEAN SQ. 
MEASUREMENT VARIANCE DUE TO S.D. 
OF FREEDOM SQUARES DIFF. AND P 
Total 519 S32.4 -45 11+ .04 
reciprocal crosses I .04 
Tail length sex I 8.38 
color (dilution) I .24 P<.o1 
residual 516 102.74 
Total 426 1902.0 .32 ert a6 
‘ reciprocal crosse I ° 
Number of caudal f 
sex I .0 
vertebrae — > 
color (dilution) I 7.0 P<.05 
residual 423 1895.0 
Total 503 8476.1 4-1 .99+ .37 
reciprocal crosses I 155-77 
Number of tail rings sex I 65.37 
color (non-agouti) I 22.72 P<.o1 


residual 500 8232.14 


However, agouti mice have a greater number of tail rings if all data are 
combined. Although the cross 9 F; wild by &@ Little shows a very slight 
trend in the opposite direction, the significant differences of the reciprocal 
cross, which constituted almost twice the number of animals, more than 
offsets this contrary effect. (See table 8.) 

The data obtained from this series of crosses indicate that the brown 
gene acts in a manner similar to the dilution gene in exerting a favorable 
influence on growth. Two separate lines of evidence support the physio- 
logical explanation of this gene per se. In all crosses made, regardless of 
the strains used, brown backcross mice are larger than their black sibs. 
The chromosome carrying the brown gene under consideration was intro- 
duced by three different inbred strains, the Little strain, the smaller 
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Gates race, and the Fincus strain. Other crosses made by FELDMAN (1935) 
and GREEN (1935a) in which still different inbred strains of brown mice 
were used gave similar results. Green intended to show that the brown 
gene was not always associated with genes favorably influencing growth. 
His data show, however, that the brown backcross segregates are indeed 
larger than their heterozygous black sibs. Although the mean differences 
are not of statistical significance, probably because of the small number of 
mice obtained, these results on the contrary add support to the physio- 
logical interpretation. 

Further evidence supporting this assumption comes from two crosses 
representing coupling and repulsion phases. In a backcross involving the 
small bactrianus strain of mice and the larger Little strain the chromosome 
carrying the brown gene came into the cross from the much larger parent 
CASTLE et al 1936 II). The brown segregates were found to be significantly 
larger than the black sibs. In this backcross the same Little strain contrib- 
uted the chromosome marked by the brown gene, although this strain 
was slightly smaller than the wild strain used as the other parental group. 
Brown backcross segregates were again larger as determined by a series 
of five measurements. 

This evidence does not eliminate the possibility of an extremely close 
linkage between the brown gene and size genes located on the same chrom- 
osome. 


CROSS 5 
The @ Snell by &@ F; Snell (Snell/wild) backcross 


Data from backcross matings of the GaTEs and F; strains indicated that 
the short-ear gene decreased general body size in the presence of dilution, 
even though the dilution gene presumably has a favorable effect on growth 
when separated from the short-ear gene. 

It was possible to obtain an inbred strain of mice homozygous for se 
and for D. This strain, referred to as the SNELL strain, was homozygous 
for extreme dilution (c*),an albino allele, and for se. These animals weighed 
approximately 25 grams and were slightly larger than the inbred wild 
strain already discussed in a previous cross. Snell strain females were 
crossed with wild strain males. The F; animals were somewhat larger than 
either parental race. For 15 animals (males and females combined) the 
mean body weight was 26.28 grams, body length 9.81 cms, and tail length 
8.13 cms. The backcross was made using the Snell race as mothers. Back- 
cross offspring fall into four classes: c* c* se se, c’ c* se se, Cc’ SE se, and 
Cc* se se. The intense animals were agoutis and non-agoutis combined. 
Among the extreme dilute animals the agouti pattern could not be dis- 
tinguished, 
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Growth curves obtained from 18 litters of mice show that up until the 
second week of age both short-ear and normal-ear mice are growing at 
the same rate. After the 12th day in females and the 17th day in males 
normal-ear mice are constantly heavier and this difference in weight gradu- 
ally widens (see fig. 1 and 2). At the five-week period on the integral curve 
the short-ear females are smaller than their normal sisters by 1.10 .97 
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AGE IN WEEKS 
FicuRE 1.—Integral growth curves for female backcross segregates 
from matings of 9 Snell by o F; mice. 


grams and short-ear males are smaller by 1.68+ 1.20 grams. At the twelve- 
week point on the curve the mean difference in weight for males is 2.16+ 
1.18 grams and for females 2.91+1.55 grams. 

Three measurements taken were adult body weight on the 181st day, 
body length, and tail length. By reference to table g it is seen that the 
short-ear segregates in both male and female populations are lighter in 
body weight. The decrease in weight expressed as a percentage decrease 
of the average is 6.4 percent for males and 10.5 percent for females. The 
mean differences for body length are less pronounced, but in the same di- 
rection. Likewise, the tail is shorter among the short-ear progeny. 
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The trend of the differences of the means for extreme dilute mice as 
compared with their colored sibs is not consistent. 

If all backcross mice, male and female, short-ear and normal ear, are 
combined, the variance due to sex, the short-ear factor, and experimental 
error determined, a comparison of the mean squares should test the sig- 
nificance of differences between the short-ear and normal-ear groups. The 
values of P obtained for all three size criteria used are below the one per- 
cent point (table 10). 
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FIGURE 2.—Integral growth curves for male backcross segregates 
from matings of 9 Snell by o F; mice. 


The small amount of data secured from Cross 5 does not permit a quan- 
titative estimate of the influence of the short-ear gene. It does indicate, 
however, that this gene produces an effect 3 or 4 times as great in decreas- 
ing general body size than when it is closely linked with the dilution gene. 

In both backcrosses involving short-ear mice the marked chromosome 
was introduced by the larger parent strain, from the Gates strain in Cross 
rt and from the Snell strain in Cross 5. It is difficult to conceive of the ob- 
served phenomenon resulting from linkage of genes retarding growth with 
the short-ear gene. Rather, the results from these crosses add support to 
the physiological explanation given previously for the short-ear gene. 

The question arises as to whether we are dealing with a set-up which 
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TABLE 9 


Comparative size measurements of different phenotypic classes of backcross mice from matings 
of 2 Snell (chse) by & F; Snell. 





PHENO- MEAN BODY MEAN BODY MEAN TAIL 









































NO. SEX S.D. S.D. S.D. 
TYPE WEIGHT (GMs) LENGTH (cMs) LENGTH (cMs) 
se 20 OO 96.92.73 3:992-53. G-652 658 Bot.13 7-905 .4t 1.55 E.29 
SE 21 27.394 .92 4.25+.65 10.06+.25 1.174+.18 8.18+.40 1.87+.28 
Diff. Means —1.68+1.17 —.m11+.38 —.22+.56 
ch 20 Oo" 26.44+.86 3.87+.61 10.03+.24 1.09+.17 8.134.44 1.984 .32 
Cc 21 26.70+ .84 3.894.590 9.99+.21 974.15 8.01+.39 1.80+.27 
Diff. Means —.26+1.12 .04+ .32 rat 58 
se at @@ 20.23%.6: 2.824.443 9.394.258 3.299%.19 7-4902-44 1-992 -90 
SE 21 a3.a2t 60 2.86i.44 9.694.929 1.534.920 §.13%.g2 1.482.293 
Diff. Means —2.29+ .86 — .36+ .39 — 64+ .54 
c® 20 99 20.58+.70 3.184.50 9.394.27 1.20+.19 7.72.45 2.05+ .32 
C 22 a2.96% .54 2.55%.938 9.63% .95 1.964.296 7.994.396 1.71% «35 


Diff. Means —1.70+ .89 — 24+ .37 —.20+ .58 





will give results easily interpreted concerning size inheritance. The short- 
ear gene, along with another tested gene, waltzing, may be deleterious in 
effect and possibly should not come under the classification of size genes. 

Other effects are known to be produced by the short-ear gene per se. 


TABLE 10 
Analysis of variance of backcross progeny from matings of 9 Snell by o Fy Snell. 














ee VARIANCE DEGREESOF SUM OF MEAN SQ. DIFF. 
MEASUREMENT S.D. 
DUE TO FREEDOM SQUARES AND P 
Total 77 1429.9 3.37 2.444 .76 
Body weight (grams) sex I 464.9 
short-ear I 114.7 P<.o1 
residual 75 850.3 
Total 76 16.0 37 -52+ .09 
Body length (centi- sex I 9 
meters) short-ear I 1.2 P<.o1 
residual 74 9-9 
Total 75 29.4 58 44+ .13 
Tail length (centi- sex I zg 
meters) short-ear I a8 P<.o1 
residual 73 24.6 
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GATES (1926) remarked that it produced morphological variations of the 
head and skull, and also pointed out that general body size seemed to be 
affected. SNELL (1931) showed that kinky tail was an effect of this gene. 
A morphological study showed that there was a proportionate increase in 
width of brain case, and a reduction in height of the rostrum in short-eared 
mice as compared with normal sibs. The writer (unpublished) has also 
found that backcross mice homozygous for short-ear are much more sus- 
ceptible to Salmonella aertrycke than are their normal sibs. 

If the short-ear gene may be spoken of as a size gene, it is a major size 
gene, as are brown and dilution, but produces a contrary effect. There 
are two reasons for assuming this. First, the observed mean differences 
between the short-ear and normal-ear segregates are great, whereas the 
parent strain differed only slightly in body size. Second, the effect was 
evident from a comparatively small backcross population. 


THE SIZE CHARACTER, TAIL RING NUMBER 


In 1931 FortTuyN crossed two inbred strains of mice differing greatly 
in tail ring number. These were the C58 strain with a low tail ring number 
and the Stoli strain having a relatively high number. The F, was exactly 
intermediate between the parental groups, but backcross mice showed 
practically the same variability as the parental groups. It was suggested 
that linkage of factors influencing tail ring number with color factors 
might account for this. At that time no particular attention was paid to 
the different combinations of color factors obtained in the backcross. 

This size character was included in the crosses made for various reasons. 
It was noted in earlier studies (CASTLE et al, 1936 I and II) that there was 
an apparent association between dilution and tail length. This seemed a 
good character for study since there was found a relatively high correla- 
tion between tail length and tail ring number (r=.39+.06). Furthermore, 
FoRTUYN (1934) had reported some interesting results regarding the in- 
heritance of this character. He reported that the inheritance of tail ring 
number behaved much like a case of segregation for a single pair of auto- 
somal factors. Later Fortuyn (1936) reported that there were modifying 
genes in the Y chromosome, since in segregation of the basal autosomal 
factors dominance of the high tail ring number was incomplete, and segre- 
gation in the F, was less pronounced than in typical cases. This suggestion 
was also adduced from the fact that in reciprocal crosses a significant dif- 
ference was found between the male backcross populations. 

Backcross mice of the following crosses were used for a study of tail 
ring number: 1) 9 F; by ¢& Little (dba) and its reciprocal, 2) 9 Gates by 
& Fi, and its reciprocal, 3) @ F: bactrianus by & Little and reciprocal, 
and 4) the @ F; wild by & Little and its reciprocal. Previous studies on 
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TABLE II 








Cross 1 were reported by CASTLE, GATES and REED (1936) and for Cross 3 
by CastLe, GaTEs, REED and Law (1936). The F; animals from Crosses 
1, 2 and 4 were obtained by crosses of 9 Gates by o& Japanese. The F; 


Influence of the dilution gene (d) on the character tail ring number in various size crosses. 
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OF DILUTION 







































































NO. TAIL DIFF. WEIGHTED 
CROSS SEX NO. PHENOTYPE MEASURED 
RINGS MEANS MEAN 
BY INCREASE 
OF AVERAGE 
1) 9 Fiby o Little 92 325 D 1§1.6+1.5 84+ 82 
22 345 d naa - ai 
ao 281 D 154.7+1.0 Te : a 
oo 276 d 156.4+1.1 aah — 
9 Littleby 7 Fi 992 46 D 146.6+1.4 ‘ 
eo «a d 149.8+1.4 POT = ree 
os 26 D 146.4+1.6 4 6 i 
os 36 d ngt. 341.7 ———-s 3-3 
2) 9 Fiby @ Gates 99 418 D+SE(linked) 93.1+.53 
Zz : 
22 397 d+se o4.3t.sa = 08 oo 1.2 
SoH 423 D+SE 93-94-63 | gi ¢ i , 
os 396 d+se 95.74.56 ; - — 
3) 9 Fibact.by# 292 151 D 95.64.44 
3+ 86 / 
Little 99 142 d 98.9+ .35 $329 5-43 3.33 
oo" 144 D 93-44 .48 : 
as . 
SSH 135 d 96.44.43 *° ” sie 
9 Little by 7 99 63 D 109.0+ .64 
~e 
F, bact. 92 64 d 110.34.71 3-32-96 1.19 sal 
Jo 82 D 108.5+ .61 a : 
Joe 79 d 11.at.69 7° 7=-9 a 
4) 2 Fiwildby? 292 57 D 149.1+.50 sk te P 
Little 992 «58 d 156.3+.45 eins. 4-93 2 
SP 46 D 148.4 .66 14 30 . $°3 
SH 41 d 150.6+ .53 as. ie 
9 Little by 7 299 80 D 148.4+.50 
S26 
F, wild 92 8% d sg0.94.48 S= "8 = +98 : 
Os 75 D 146.1+ .47 ok ae -59 
ae 61 d 148.2+.50 — a 










(1936 II). 


bactrianus animals were obtained by crossing 9 Little by o& bactrianus. 
These along with the bactrianus strain were described by CASTLE et al 


Comparison of dilute (d) and intense (D) backcross animals in the four 
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crosses described shows an apparent localized influence of d in the tail 
region. In all backcrosses and their reciprocals the dilute mice have a sig- 
nificantly higher number of tail rings. This holds true even in the 9 F; 
by o& Gates cross where d is closely linked with se. In Cross 1 it was appar- 
ent that se exerted a contrary negative influence on growth as determined 
by a series of body measurements, evidently outweighing the dilution 
effect. In the tail region it seems that dilution outweighs the short-ear 
effect. 
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JAP 98.9 cams 128.2 se 
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F1GURE 3.—Frequency polygons for the size character tail ring number 
in the parental, F,, and backcross generations. 


These results are expressed as percentage influences of dilution as meas- 
ured by an increase over the average (see table 11). 

In all crosses studied brown mice are larger than their dominant black 
sibs as regards body measurements, as well as in number of caudal ver- 
tebrae and length of 15th vertebra. There is no apparent association be- 
tween the brown factor and number of tail rings in the crosses studied. 

There is some evidence that the chromosome bearing non-agouti (a) 
carries factors influencing the growth of tail rings. In the 2 Fi bactrianus 
by o& Little cross and its reciprocal, where the chromosome carrying a 
was introduced by the Little parent having the greater tail ring number, 
both males and females have a significantly higher tail ring number. In 
the cross of 9 Fi wild by ¢@ Little and its reciprocal, where a was intro- 
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duced by the smaller parent, non-agouti males and females have a signifi- 
cantly lower mean tail ring number. 

There can be found no support for the hypotheses of Fortuyn. Two 
lines of evidence indicate that tail ring number does not behave in a man- 
ner suggesting segregation of a single pair of autosomal factors. First, 
there is indication that factors favorable to the growth of tail rings are 
to be found in two or more chromosomes. Second, the backcross frequency 


TABLE 12 


The size character, tail ring number, in reciprocal crosses. 















































_ ms MEAN is MEAN DIFF. MEANS 
‘ROSS NO. NO. 
oro t F (SEx) 
9 F, by o& Little 62 149.28+1.60 87 148.31+1.40 -9742.12 
9 Little by @ Fi 557 155.46+1.20 670 154.55+1.10 -gtt1.62 
Diff. Means (cross) 6.18+2.00 6.24+1.78 
9 F, bact. by & Little 279 94.81+ .28 293 o7.4r% .36 2.40+ .47 
9 Little by &@ F, bact. 163 109.8 + .67 127 109.7 + .53 o.r + .85 
Diff. Means (cross) 2.0 = 395 32:6: .65 
9 F, by & Gates 815 93-69+ .83 59 94-744 .82 1.05£1.22 
9 Gates by #7 F, 819 108.40+ .59 56 106.4 + .66 2.0 + .83 
Diff. Means (cross) 14.71+1.06 11.66+1.09 
9 F, (wild) by @ Little 136 349.8 + <35 164 152.4 + .70 3-2 +1.01 
Q Little by o& F, (wild) 87 147.0 + .58 115 148.6 + .55 1.6 + .79 
+ .89 


Diff. Means (cross) 2.2 £ .o4 3-8 





curves give no suggestion of bimodality (fig. 3). Likewise, the variability 
of the backcross generation over the parental strains is great. Also there 
is no evidence to support ForTuyn’s suggestion of modifying genes in the 
Y chromosome. 

From table 12 it can be seen that there are significant differences be- 
tween male backcross populations in reciprocal crosses, but like differences 
are to be found between the female populations. Apparently this is a dif- 
ferential maternal effect. The mother having the highest tail ring number 
always produces offspring having higher tail ring number. If any differen- 
tial effect of the Y chromosome is patent, male backcross offspring pro- 
duced by the F; mothers in crosses 1, 2 and 4 should reveal this effect. 
Evidently this is not the case. 
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SUMMARY 


A series of crosses was made using inbred strains of mice of known geno- 
types in the hope of obtaining further evidence concerning the nature of 
size genes. 

Cross 1, a backcross between the Gates strain of mice and an F; pro- 
duced by crossings of 9 Cates by o& Japanese mice, the reciprocal cross 
of one previously reported (CASTLE et al 1936 II), indicates that the asso- 
ciation between pink-eye and smaller body size may not be a genuine 
phenomenon. 

Brown backcross mice in two separate backcrosses are regularly larger 
than their black sibs, illustrating the same association reported by pre- 
vious authors. In Cross 4 the chromosome carrying the gene for brown 
coat color came into the cross from a slightly smaller parent strain whereas 
in previous crosses the brown parent, although from the same strain of 
mice, was larger. The evidence from coupling and repulsion experiments 
along with the fact that all strains of brown mice so far tested have shown 
association between the brown gene and larger body size, suggests that 
the brown gene itself is influencing general body growth, simulating in 
action the dilution gene. 

Backcross mice segregating for the short-ear gene are distinctly smaller 
than their normal ear sibs. A quantitative estimate of the effects of the 
short-ear gene could not be made, due to the small number of backcross 
mice obtained, but it is indicated that this gene is more influential in re- 
ducing size than the brown gene is in stimulating growth. 

There is some indication that size genes making for smaller body size 
are to be found in the chromosomes marked by the piebald and waltzing 
genes. 

The dilution gene has an apparent localized influence in the tail region. 
Data from separate backcrosses, with their reciprocals, show dilute mice 
to have a consistent and significant higher tail ring number than the in- 
tense sibs. An influence of the dilution gene was also noted as regards 
the growth of caudal vertebrae. 

There could be found no evidence in support of Fortuyn’s hypothesis 
that tail ring number behaved as though determined by a single pair of 
autosomal genes, nor of his hypothesis suggesting the presence of genes 
in the Y chromosome modifying the expression of this character. 
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A definite maternal effect was patent as regards the inheritance of tail 
ring number. 
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INTRODUCTION 


OBZHANSKY (1934) has described effects on crossing over and 

disjunction of duplicating fragments of the X chromosome of Dro- 
sophila melanogaster. He has found that fragments partially suppress cross- 
ing over between the entire X’s and that the effect is correlated with the 
length of the fragment. Some of the fragments were free and controlled 
by their own spindle fiber attachments and some others were attached to 
an entire X chromosome at the spindle fiber end. 

Duplication 1oo described here differs in length and in composition 
from those described in DoBzHANSkKy’s study; the results are thus largely 
an extension of his results. The study was undertaken especially for a 
comparison of the effects of the same fragment in both states, when free 
and when attached to an entire X. Some effects of a Y chromosome in 
different combinations of two X’s and the fragment have been observed. 


MATERIAL 


The duplication arose spontaneously in an apricot male which was 
mated to an attached-X yellow female. It was found, December, 1922, as 
a single not-yellow daughter, sister to the numerous yellow daughters. 
As in similar duplications, which have frequently been obtained later by 
irradiation of males, the X derived from the male was a deficient chromo- 
some; it contained a distal and a proximal section and lacked the middle 
section of a normal X. In this case the deficient sperm had fertilized an 
XX egg in which the attached X’s both carried the gene for yellow; the 
extra fragment, that is, the duplication, carried only wild type alleles, 
consequently the duplication female was not-yellow. The formula is 
XXX (fig.'r a). When the not-yellow female was crossed to an apricot 
male the duplication-bearing daughters received a Y chromosome from 
their father and were therefore XX X»*Y (fig. 1 b). 

One not-yellow daughter of the original duplication female differed 
from the others in that the fragment had become attached to one of the 
whole X chromosomes received from the mother; she had received her 
second X from her father. The formula is XX X?# (fig. 1 c). A chromosome 
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having a fragment attached to it would have resulted if crossing over had 
taken place between the proximal section of the fragment (X?) and one of 
the attached X’s. Such crossovers continued to occur rarely in the at- 
tached-X duplication stock (XXXP¢Y), and the attached-duplication 
lines derived from them are known as Dp (1;1) 100. A small percentage 
of XXX»¢Y females (fig. 1 d) regularly occurs in these lines. 








A fifth combination of the X homologues arose when an egg carrying 
the free duplicating fragment was fertilized by a rare type of non-dis- 
junctional sperm carrying two paternal free X’s. The formula is XX XP4 
(fig. 1 e); the line is Dp (1;f) 100. The two X chromosomes in figure 1 e 
are marked with the symbols denoting mutant loci used in studying 
crossing over, to be described in detail below. 


~~ Za = = 
—_—==-=— esars——-— 





a. xxxPa bxxxPty ee xxxPFany a xxxPly 
2 cv v f(B) (bb) 
amr’ 1 2 $44 $8 TS 
(i;f) y ec ct s car 





FicurE 1.—Diagram representing the sex chromosomes (short line for X°4 or fragment, 
long line for X and hook for Y) in females of lines of Dp-100. Symbols for mutant characters 
used in crossover experiments and the numbers of the regions delimited by the mutant genes are 
entered in e. 


From the Dp (1;f) line, in which the X’s are not attached and the 
fragment also is free, it has been easy to determine genetically the extent 
of the deficiency of the fragment by observing the character of females 
carrying X’s homozygous for mutant genes, and the wild type fragment. 
The distal section of the fragment (X*) carries normal alleles of seven 
tested mutant characters (y, ac, sc, sor, sta, br, pn) from yellow to prune 
inclusive. The proximal section (X”) carries normal alleles of fused (fu), 
carnation (car) and bobbed (bb). The fragment was found to be deficient 
for 16 tested loci in the middle of the chromosome including white to out- 
stretched, vibrissae, small-eye and probably Beadex (Bx). There are ex- 
aggeration effects produced in achaete, facet and Beadex. Bar (B) eyes 
are narrower in duplication females whose X’s are homozygous or heter- 
ozygous for Bar than they are in the respective non-duplication sisters, 
and also the eyes were very narrow in the few surviving duplication Bar 
males that have been observed. 
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The fragment is nearly always lethal in males. The rare survivors have 
been omitted from the tables. Females carrying the fragment show somatic 
effects of X chromosome duplication described by other authors such as 
narrow wings having straight outer margins and sometimes nicked or 
very serrated inner margins and tips. In extreme cases less than half of the 
wing remains, deeply indented. DopzHAaNsky and ScuHuttz (1931) found 
that intersexes carrying Dp-1oo are of extreme female type, even breeding 
as female in one case of five that were tested. 

Cytological preparations of odgonial cells have shown the duplication 
both in the attached, and in the free condition when the X’s were free or 
attached. DoBzHANSKY (1932) measured the fragment in metaphase plates 
of odgonial divisions and found it to be about two-thirds of the length of 
an X, never as much as three-fourths. The measurements showed that the 
distal section of the fragment in metaphase plates comprises somewhat 
less than one-third of the length of the fragment. Measured by locations 
of genes on the salivary chromosome map, the proximal section of the 
fragment is about once and a half times as long as the distal section and 
the whole fragment is less than one-fourth of the length of the whole chro- 
mosome (fig. 2). 

In an experiment (not used in this study) with a line of free X’s and 
the fragment free (XX XP“), two female mosaics and two gynandromorphs 
were observed, and ina line of attached X’s and free fragment one female 
mosaic was observed. They can all be explained by somatic elimination; 
in one gynandromorph both an X and the fragment had been eliminated 
together or at two different divisions in the formation of the male region. 


CROSSING OVER BETWEEN ENTIRE X CHROMOSOMES 


Frequency of crossing over has been studied in the two forms of the 
duplication in which the two entire X’s are not attached to each other, 
that is, in the XXX>4 line, Dp (1;f) 100, and in the XXX>4 line, Dp(1;1) 
100, and also in the latter line when a Y was present (XX XY), (tables 
6-10, Appendix). 

Females of the constitution Dp/y’cv v f/y ec ct®s car were mated to 
y ec cv ct v s? f car bb' (yXg) males, in alternated testcrosses, or were out- 
crossed to males marked by B; in experiment 7, one X was marked with 
B instead of f, and with 5d to delimit the eighth region. Sisters of the dupli- 
cation females were used as controls. In the (1;1) line the duplicating frag- 
ment was attached to the y? cv v f chromosome. In the crossover experi- 
ments and in all others to be reported the entire X’s of the duplication 
females have carried yellow (or y*); consequently when they were mated 
to males that were y or y* the character not-yellow was an indicator of the 
presence of the fragment, except when exchange between X and the distal 
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section of the fragment (X4) had taken place. Such X4/X crossing over 
has been observed only in a few males and in two females (in experiment 
7) which were not yellow but were carnation or bobbed showing that the 
fragment (X°) was not present. 

In testcrosses and in outcrosses of the line of the free fragment (XXX?*) 
females that were y? but were wild type at other marked loci had been 
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FicurE 2.—Relation of percents of crossing over, in 8 regions between the two entire X 
chromosomes in Dp-1oo, to percents from controls (vertical axis) plotted against the salivary chro- 
mosome map (longitudinal axis). Relative positions of mutant genes on the chromosome (accord- 
ing to MACKENSON and BrIDGEs) are marked by the symbols for the mutant characters (those 
in parenthesis have not been precisely located). The extent of the duplicating fragment is indicated 
by horizontal lines extending over the loci included in the distal and proximal components of the 
fragment. The fragment was free in experiments. 3+5 and 7 and was attached to the proximal 
end of an X in experiments 1 and 10a; a Y chromosome was also present in experiment roa. 
In experiment 3+5, half of the crossovers between the proximal section of the fragment and 
X were included in region 7. 


derived from XX eggs fertilized by Y sperm. In outcrosses of the line of 
attached fragment occurred wild type duplication females which were 
derived from XXX?¢ eggs fertilized by Y sperm. These two types may for 





convenience be called “exceptional females.” They occur regularly (as 
do “exceptions” from XXY females from which the term is borrowed) but 
they are exceptions in the sense that they form much smaller classes than 
the females from X, XXP¢ or XXP4 eggs. 
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The term “percent of crossing over” is used to denote the percent of 
times that crossing over has occurred among total chromatids represented 
by observed zygotes, and not the percent obtained directly from observed 
regular zygotes. This method has been chosen because all of the chroma- 
tids are involved in the mechanism of crossing over. Hence the percents 
of crossing over have been reckoned as of a total that includes the chro- 
matids of “exceptional” gametes (whether they produce viable or lethal 
zygotes) and of gametes of other smaller classes. Exceptional zygotes 
that survive in the line of the free fragment (XX X4), that is y? XXY fe- 
males, represent four exceptional gametes (two containing the maternal 
X’s and two containing the fragment, one of each fertilized by X or by 
Y sperm) since three of the four resulting zygotes, namely XXX, XX?4 
and XP*Y, are lethal. When the total counts include half of the zygotes 
(for example, non-duplication males and females) the exceptional females 
count as two chromatids, or as one chromatid when only males or females 
that do not carry the duplication are counted. The chromatids of the ex- 
ceptions were in some cases crossovers and were rated accordingly. 

In lines of the attached fragment (XX X?¢ and XX XP*Y) y* females are 
crossovers between the proximal fragment and the free X; their X’s are 
attached to each other and they represent two chromatids each, when the 
total includes non-duplication females and males (the lethal zygotes are 
pointed out in connection with X°/X exchange). The exceptional females 
in these lines, from very infrequent XX -X?4-O segregation, are wild type 





duplication females (XX XP*Y) and are treated as are exceptions in the 
line (1; f). 

Table 1 shows the percents of crossing over from exchange between 
entire X’s and the relation of those percents to the corresponding per- 
cents from controls. These are also shown graphically in figure 2. 

The most noticeable result is the marked reduction in X/X crossing 
over in the presence of the fragment, especially in the region homologous 
to the proximal section of the fragment. When a Y was present as well 
as the fragment attached to an X, crossing over between the X’s was still 
further reduced (experiment 10a). The results will be discussed later. 





CROSSING OVER BETWEEN THE PROXIMAL AND DISTAL 
SECTIONS OF THE FRAGMENT AND AN ENTIRE X 


Conclusions in regard to the frequency of X®/X crossing over have been 
pieced together from the results obtained in different kinds of experiments 
and are summarized in table 3. 


In the testcross experiment 7, in which the fragment was free and one maternal chromosome 
was marked with bb, there were three unique types that have been used to allocate the ambiguous 
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$ I 2 3 
REGION 
y-ec ec-cv cv-ct 
exp. 3 7.2 8.9 8.6 
control 7.9 10.4 8.8 
ratio 93 . 86 98 
exp. 5 6.3 8.1 9.2 
control 7.9 9.2 5-7 
ratio .80 .88 1.6 
exp. 7 6.2 8.6 10.7 
control 2.3 9.0 8.2 
ratio .85 -95 r.3 
exp. I 4:7 7.6 8.1 
control 6.0 9.8 8.6 
ratio 78 .78 -94 
exp 10a 4.8 5.8 6.1 
ratio . 80 59 “ot 
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TOTAL 
te 5 (8) iB). 3 pawl 
ct-v v-S S-) -car car- inulin 

12.3 BS 7.4 1.36" — 2225 

s.2 8.7 13.2 5.8 — 1392 
81 .84 .56 .22 

14.2 3 5.8 1.3" — 1599 

16.8 9.2 10.5 6.4 _— 458 
85 69 A .20 

13-9 5-5 7-4 1.13 0.55 5682 

16.2 9-4 14.8 6.7 5.8 1307 
86 -59 -50 87 09 

13.0 6.5 5-4 1.0 0.54 5956 

15.6 10.9 13.8 7. 4000 
.83 .60 .39 14 .ogt 

9.8 4.2 6.4 2.2 0.27 1476 


TABLE I 


Percents of crossing over between entire X’s in Dp-100 in the presence of: experiments 3-7, the free 
fragment in XX X?4; experiment 1, the attached fragment in XXX>4; in experiment roa, 
the attached fragment and Y in XXX™*Y. 


.63 .38 .46 15 .ost 







































* Includes one half the quota of X®/X crossovers at 7; the other half is included among non- 
crossovers for region 7. 
+ Based on control of experiment 7. 


TABLE 2 


Experiment 7, Dp (1;f)/y? cv v B bb/y? ec ct® s car 9 by yXQ ot. Allocation of observed 
types of crossovers. 





X/X CROSSOVERS 


. X4/X CROSSOVERS 
XP CROSSOVERS 
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t Allocations are printed in bold-faced type. 
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car car car car car 
bb bb =sobb 
9 9 observedunique 37 27 II ° I : 3 
ambiguous 27 5 
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types of crossovers due to exchange in the region homologous to the proximal component of the 
fragment. Crossovers were determined in non-duplication female offspring. 

Of the two complementary types of double crossovers between entire X’s at 7 and 8, one, 
which is B car bb, is unique and none of this type was observed (table 2), as expected for so short 
a section (mutant characters to the left of s are disregarded since they varied with distal crossing 
over between the X’s which is irrelevant to the present discussion). The complementary type (s 
not-B not-car not-bb) is ambiguous since it is also the type that would result (more often) from 


TABLE 3 
Corrected percent of crossing over involving the fragments and entire X’s in Dp-100, and in other 
duplications from the data of DoBzHANSKY (1934) and Put.ip (1934). Percents for 
experiment 7 are based on allocations shown in table 2. 























KIND OF CROSSOVER x/xX P/e x°/% 
on . —_ X-EGGS XX-EGGS 
7 8 7 8 
No. of Constitution 
Exp. of 2 
7 XXxXP nts 0.55 0.18 0.07 — — 0.04 
od XXXPd 0.10 — 0.19 _ 
9 XXXPd 0.04 0.10 0.01 
XP/X 
with att. X with free X 
I xxx 1.0 0.54 —_ 0.02 none 
id Xxx? none 0.06 none 
10a KXX™Y 1.09 0.27 0.15 0.15 none 
rob XXxXPY 0.08 0.06 none 
— XP/X 
Dp-138 XXX? 1.24 0.15 
xXxKxPY 0.7 
Dp-BS xxx?" 0.14 
Xxx? 0.20 
Dp-105 XXXY e 
Xxx™ 0.11 
Dp-102 Xxx" 0.23 
Dp-T-3. XXX43 0.21 








* Frequency much lower than frequency of XP/X in Dp-138. 


exchange at 7 between the fragment and the X carrying s and car. In the absence of the unique 
7, 8 double crossover type, the 5 females of the sable type are all allocated to the class of XP/X 
crossover at 7. The same s (y or y*) type might also be a duplication female in which the fragment 
was yellow, from exchange between an X and the distal section of the fragment. X4/X crossovers 
are rare, and none of the sable (y or y*) females is allocated to this class. A y? cv v B female of the 
complementary type showed by somatic characteristics of duplication that she was of the class. 

Another unique type is one of the two complementary X/X crossovers at 8, namely, s car bb 
females. Eleven of these were observed and 27 of the complementary type which is B not-car 
not-bb. The latter is ambiguous, resulting also from exchange between the fragment and the X 
carrying B, at 7 or at 8. Five of the ambiguous B females are allocated to the class of X°/X cross- 
overs at 7 corresponding to the 5 of the complementary sable class described above. Finally, 2 of 
the 27 have been rated as XP/X crossovers at 8 on the basis of the ratio of X/X crossovers at 8 
to those at 7. This leaves 2c females that were Bar in the class of X/X crossovers at 8. Of the total 
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of 27 B not-car not-bb females, ro were tested and found not to be of the class carrying a duplica- 
tion that was yellow, from X4/X crossing over, and six others were examined and showed no somat- 
ic characters of duplication. The ratio of the 11 observed complementary unique type, s car bb, 
tc the 20 B not-car not-bb flies that were rated as X/X crossovers at 8 is in fair agreement with 
the observed 0.65: 1 ratio of bb to not-bb among the non-duplication flies of the experiment. The 
rating of 2 of the B not-car not-bb females as X°/X crossovers at 8 has led to allocation to the 
complementary X°/X class (which shows s and car) of 2 females from the ambiguous non-cross- 
over class (y ec cf® s car). 


Percents of crossing over in X gametes between the free fragment and 
the X chromosomes have been obtained from the allocations of the ob- 
served types in experiment 7 (tables 2 and 3). 

When the fragment is free, exchange between X? and an X transfers 
the whole chromatid from its own spindle-fiber attachment to that of the 
fragment and vice versa (fig. 4). If the chromosomes separate after cross- 
ing over, an X chromatid and a fragment pass to each pole; if the other 
X segregates at random X and XX eggs containing the crossover chromo- 
some are to be expected with equal frequency after exchange between X 
and the proximal component of the fragment. 

In experiment 7 exchange was detectable only in X gametes. To test 
the presence of the crossover X in one-X and two-X eggs when X?/X ex- 
change had occurred, duplication females whose X’s were marked by 
car bb or by bb'/car bb' were mated to y* 6b’ Y* males when the only source 
of not-bb was the fragment. Experiments 9 and od show that both kinds 
of eggs occurred (table 10 at (c), appendix). The Y* in experiment 9d had 
too slight an effect on bb! for exchange to be detectable in region 8, but the 
distribution of car showed that crossover chromosomes from exchange 
between the fragment and X in region 7 were present in both kinds of 
gametes. 

A different Y® (and bd! in both maternal X’s) was used in experiment 9. 
The values were lower than the corresponding values in experiments 7 
and od, owing probably to the action of bb'; heterozygous bb! is known to 
reduce crossing over in XX females increasingly toward the proximal end, 
the amount of crossing over between car and bb being about half of normal. 

In calculating the percents of X?/X crossing over in X and XX gametes 
(table 3) corrections were made for lethal zygotes (XXX, XXP¢ and XY). 
The differences between the frequencies of X and XX gametes containing 
X»°/X crossovers are not significant, though the XX gametes were con- 
sistently more frequent than the X gametes. Equal frequencies are (as 
shown above) to be expected if the fragment and X go to opposite poles 
after exchange between them, and distribution of the non-crossover X is 
random. 

When the fragment is attached to an X, reciprocal exchange between 
them cannot be detected. In testcrosses (experiment 1) non-reciprocal 
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(diagonal) exchange would produce attached-X females (XXY). They 
would be of the type of XX females that were crossovers between the 
X’s, that is y” cv v f (if single crossovers) since the fragment was attached 
to the X so marked. The males that were f (and showed other recessive 
mutant characters) would have been derived from X/X exchange only, and 
are expected to be as frequent as the females of the same origin. The ratio 
of the apparent crossovers, at 8, is 14 females to 18 males, showing no ex- 
cess of females attributable to exchange with the fragment. 

In the outcrosses to males having Bar eyes (experiments 1d, 10a, rob) 
diagonal crossovers would be attached-X females of a type that is not 
ambiguous (since the other class would be heterozygous for B); they 
would be y* cv v f (or y w cv v f in experiment 1ob from the second kind of 
mating). If exchange had taken place also between the X’s, the attached 
X females might be y? (y or yw in part of experiment rob) and wild type in 
other distal regions. The percent of crossing over involving X? and the 
attached X was obtained from the observed frequency of all such females 
(showing the proximal recessive characters). Each one represents eight 
chromatids, when correction is made for lethal classes of zygotes (from 
attached-X gametes fertilized by X sperm and from gametes carrying two 
fragments attached to each other) and correction for reciprocal X?/X 
crossovers of an ambiguous type and the lethals that they represent. 

Crossing over between X? and the free X in both testcrosses and out- 
crosses would produce y* females that would be wild type for proximal 
loci but might from exchange between the X’s show other distal recessive 
characters besides y?. The percent of crossing over involving X° and the 
free X was accordingly obtained from the observed frequency of proximally 
wild type attached-X females. Each one represents four chromatids when 
correction is made for lethals (zygotes from XX gametes fertilized by X 
sperm and zygotes from the complementary type of gamete containing a 
fragment). 

To compare frequencies of exchange in the three combinations of the 
sex chromosome homologues, table 3, experiment 7 (in which bb! was 
not used) can be considered for the XX XP4 line. It is assumed, from the 
results of the other experiments with the free fragment, that XX gametes 
after XP/X exchange in experiment 7 were at least as frequent as X 
gametes. Frequency of X/X crossing over was then o.5 percent . 

The results are not entirely satisfactory, owing to complications inci- 
dental to the use of 6d! and of 6b in X and Y, to the absence of some unique 
classes, and to the small sizes of the classes to be measured. They are 
however consistent, and appear to be sufficiently accurate to show an 
expected decrease in crossing over when bd! is involved, which is correlated 
with an observed increase in non-disjunction of X’s. If the classifications 
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in the various experiments and the distribution shown in the table of allo- 
cations were correct, the results would indicate: that X°/X crossing over 
occurs more frequently when the fragment is free than when it is attached 
to an X and a Y is not present; that Y increases X°/X crossing over be- 
tween an attached fragment and an X; and that when the fragment is 
attached, crossing over of the fragment is equally frequent with the at- 
tached X and with the free X (assuming that reciprocal exchange with the 
attached X and diagonal exchange are equally frequent). 

Some of the X°/X crossovers were at the same time crossovers in a more 
distal region between the entire X’s. In experiment 7, with the line of the 
free fragment, 3 of the 5 observed X°/X crossovers at 7 from X eggs were 
also crossovers in region 1 between the X’s, (classified in table 8, appendix, 
as 7, 8 and 1, 7, 8 X/X crossovers, and allocated in table 2 to X/X cross- 
overs). In the line of the attached fragment (with and without a Y) there 
were 10 (7 tested) X"/X crossovers recovered in attached-X females. Of 
those 5 were also X/X crossovers in regions from 1 to 3 or 4 (experiments 
1, 1d, 10a, 1ob, tables 9 and 10). The second exchange (distal and between 
the X’s) will be discussed in relation to disjunction. 

Crossing over has not been studied between the Y and any of the X 
homologues. 

There was a small class of yellow heterozygous bar extremely bobbed 
females in one of two experiments combined in experiment 9 (table 10, 
appendix). This type of female would be expected if an X gamete were 
fertilized by non-disjunctional XY sperm. Such sperm is frequent when 
bb! is present. It is not clear why these females were more extremely 
bobbed than the regular so-called “exceptional” y bb' Y*® females. The 
work of STERN, NEUHAUS and others on different effects of bobbed and 
on the properties and crossing over of the Y chromosome show that the 
account of Dp-1oo is not complete without more accurate study of the 
effects of bobbed and the role of Y. 

Crossovers between the distal component of the fragment and an X 
are very rare. Among the flies on which percentages were based, in the six 
experiments in which the chromosomes were suitably marked, only two 


such crossover females were observed among 5682 females in experiment 7 
(table 2). 


DISJUNCTION 
XXXP4 
Offspring of the original Dp-100 female are shown in table 4. Two 
tested apricot males were sterile, as expected in the absence of a Y chromo- 
some in the mother. The yellow male is accounted for if an egg containing 
an X chromatid, resulting from exchange between the proximal section 
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of the fragment (X”) and an X, had been fertilized by Y sperm. The com- 
plementary crossover is a chromatid having the fragment attached to it 
in place of the other X. One of the five not-yellow females carried such a 
chromosome. The only other fertile not-yellow female, and probably 
three that died, arose from non-disjunctional eggs carrying the attached 
X’s and the fragment. Such females were expected to be as frequent as 
the apricot XO males (32) derived from nullo-X eggs. The marked devia- 
tion from equality may be accounted for by the relative inviability of the 


TABLE 4 
Offspring of the original XX XP4 (wild type duplication) female and of XX X4Y (wild type 
duplication) female descendants (the entire X’s were homozygous for yellow). 
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1 XXXP4(y?) 
3 died 
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byf/Bo III 274 442 1g 
byywfBo 428 859 I 2 1246 4t 3t 





* With or without a maternal Y chromosome 
Tested XXX?P4, 

t Not tested. 

t 2 tested. 


duplication females which, in the earlier generations of the line, was asso- 
ciated with marked exaggeration of some of the somatic disturbances 
characteristic of duplication. 

At disjunction the attached X’s and the fragment went together to the 
same pole in 25.8 percent of the tetrads, the percent being represented 
by the ratio of non-duplication (XO) males to total non-duplication males 
and females (fig. 3b). 

XXXY 

The XXXP¢Y line was derived from the non-disjunctional not-yellow 
daughter of the original XX X°¢ female which had been mated to an XY 
w* male. In this line there was a high percent of association at meiosis of 
attached-X’s and fragment as shown by the high frequency of XX XP¢ and 
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Y gametes which produced wild type duplication females and f B (+ yw) 
males respectively when the fathers carried f and B (table 4). 

The heterozygous B female whose father had been f B was shown by 
testing to have carried a maternal X with the fragment attached to it, 
the result of exchange between the fragment and an X. The two tested y 
heterozygous B females carried a single maternal X marked by y, pre- 
sumably derived from exchange between the Y and an X, as observed by 
KAUFMANN (1933) in attached-X lines. From the matings to y w f B males 
at least two of the four not tested heterozygous B females showed somatic 
disturbances due to the presence of the fragment. The fragment may have 
been attached to an X (from X?/X exchange) or it may have been present 
in the free state with a single maternal X which had resulted from exchange 
between the Y and an X. 

The w f B female came from an egg containing the fragment (+ Y) 
fertilized by non-disjunctional sperm carrying two X chromosomes. With 
this fly originated the line of two free X’s and a free fragment (XX XP*). 

In the XX.-XP*Y line the sex chromosome complement is composed of 
three partially homologous units. In this respect it is similar to XXY fe- 
males. The classical theory of secondary non-disjunction suggested by 
BRIDGES (1916) to account for the types of segregation observed in such 
females has until recently been generally accepted. The theory postulates 
that when two of the three partially homologous chromosomes, X, X and 
Y, pass to the opposite poles of the meiotic spindle the third goes at ran- 
dom with one or the other. If p represents the proportion of tetrads in 
which the two X’s segregate away from the Y, the limiting value of p is 
0.5. STURTEVANT and BEADLE (1936) have found that the value of p is 
0.63 in XXY females which are heterozygous for the delta-49 inversion 
in X, and STURTEVANT (1936) has found in triplo-IV flies that the fre- 
quency of one type of segregation of the fourth chromosomes may be as 
high as 70 percent. Likewise in some lines of attached X’s with X-duplica- 
tion, DoBZHANSKY (1934) and STURTEVANT (1936) have found a frequency 
of one type of segregation somewhat in excess of 50 percent. 

The difference between this situation and the heretofore accepted theory 
of secondary non-disjunction in XXY is illustrated by STURTEVANT’S dia- 
gram of triplo-IV segregation; according to the older view when two chro- 
mosomes, such as X and Y in an XXY female (A, B fig. 3a), go to opposite 
poles of the meiotic spindle, segregations II and III will occur with equal 
frequency and it follows that neither can exceed 50 percent of total segre- 
gation; the higher values of certain segregations obtained in the cases 
cited show that frequency of segregation may be independent of a limiting 
random distribution of the third element. 

This is shown also in the XXX?Y line of Dp-100. The frequency of 
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segregation III (fig. 3c), by which the attached X’s and the fragment go 
to the same pole, is represented by the ratio of non-duplication males, 
which are recovered from one fourth of the gametes from segregation 
III, to the total of non-duplication males and females, the latter being 
recovered from one fourth of the gametes from segregations I and II. 
The value is .76, corresponding to 76 percent of segregation III. 
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FIGURE 3.—Modeled after StuRTEVANT’s diagram of triplo-IV segregation to show types of 
segregation in different lines of Dp-100. Chromatids that pass to opposite poles are represented 
by symbols (long line for X, short line for fragment and hook for Y) on opposite sides of the lines 
of segregation (I, IT and III). Zygotes resulting from eggs that receive the chromatids indicated 
by the symbols are noted on the same side of the line of segregation, first those from eggs fer- 
tilized by X sperm, second by Y sperm. Crossovers involving the fragment or Y are disregarded. 
Percents refer to frequencies of segregations. 

* Percents of segregations are recorded as found in experiment roa and in agreement with 
those of experiment rob. Other experiments showed a random segregation of Y with X and 
XXPd (T and JI). 


Unpublished data of Dr. ScHuttz obtained from experiments with a 
duplication similar to Dp-100 show 60.7 percent of segregation ITI, 35.0 
percent of segregation I and 4.3 percent of segregation II. The duplication 
(known as Dp (1;f) eq) carries normal alleles of y to pn (inclusive) and 
6b; the proximal section is shorter than that of Dp-1oo. 


XXX?4, XXXP4 and XXXY 


In the other three lines, in which the entire X’s are not attached to each 
other, the segregation by which the two X’s go to the same pole of the 
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meiotic spindle is called segregation III. The values obtained are given 
in table s. 

In the line XXXP4 (fig. 3 d) only one of the four gametes from segrega- 
tion III is recovered (as an XXY female which is yellow). Hence each 
observed zygote from segregation III represents two gametes among the 
flies of the classes that were counted, when they were one half of the total 
(for example non-duplication males and females). In that case the formula 
for deducing the frequency of total exceptional gametes in XXY females 
from the frequency of observed exceptional zygotes can be used. The 
proportion of exceptional gametes (= p) from XXY females is equal 
to 2q/1+q, q representing the proportion of observed zygotes from XX 
and Y gametes. Applied to XX X?P4 females this equation becomes p=q 
when non-duplication males or females only are counted, that is one fourth 
of the zygotes (XX or XY) from X-XXP4 segregations (I and II), with 
one fourth of the zygotes (XX Y females) from XX-X?4 segregation (III). 

The same formula applies to the XXX?4 and XXX?*Y lines. In these 
lines females from segregation III (fig. 3 e and f) are matroclinous duplica- 
tion females and carry a Y. The males from segregation III can also be 
used if the paternal X is of good viability in XO or in XY individuals as 
was true in experiment toa. Using both male and female exceptions with 
half of the other classes p equals q. Values thus obtained for segregation 
III (when two X’s segregate together) have been compared with those 
from controls and from XXY females (table 5). 

In the XX control of experiment 7 no females from XX gametes were 
observed. Two controls from the same stocks were experiments 4 and 6a 
(experiment 6 and additional matings); the difference between the values 
obtained from these is not significant. 

Values used for comparison of XXY females have been computed from 
the data of BripcEs (1916, table 2), from the published data of BRIDGES 
and OLBRycHT (1926) (adding thereto the number of exceptional males 
(87) and females (159) and a correction for relative inviability of patro- 
clinous males supplied by Dr. BripcGEs), and from experiment 5n in which 
non-disjunction was measured in F, XXY females of experiment 5a. 

In the lines in which the X’s were not attached to each other the per- 
cents of segregation of the entire X’s to the same pole are of three orders 
(table 5). 

When the X’s are separate and the fragment is attached to one X 
(XXX»4) the frequency is slightly higher than the average of the more 
variable frequencies of primary non-disjunction in XX females of the 
control and other experiments. When a Y is also present (XX XP*Y) the 
X’s (one carrying the fragment) segregate together in about 19 percent 
of tetrads (experiments 10a and b). 
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In the line of the free fragment the frequencies are of the order of the 
more variable frequencies of XX-Y segregation in XXY females; the 
similarity in frequency will be shown later to be superficial. When the X’s 
carried bb! non-disjunction was increased (experiment 9). 

In the form of Dp-100 which consists of a fragment attached to X, a 
free X and a Y (XX XY) frequencies of three segregations were meas- 
ured and the percents are shown in figure 3f. Percents of segregations I 
and II were estimated from a sample of 170 F; females (of experiment 10a) 
with and without the attached fragment. These females were tested for a 
Y chromosome by outcrossing and observing the occurrence of exceptional 
offspring. The results agreed closely with those obtained from a sample of 


TABLE 5 


Percents of types of segregation in Dp-100 (and derived lines) and controls. 





SEGREGATION XX-O XXXPd_O XX-Y XX-XPd 





Genetics of Dro- 


sophila (1925) 0.10 exp. 1d ©.40 8.2T 
exp. 2 ©.30 exp. I 0.30 6.09 
exp. 4 0.58 exp. 3* 3.50 
exp. 6a 0.07 exp. 5n 2.8 exp. 5a* 4.30 
exp. 8° 0.0 exp. 7* 3.35 
exp.od 2.78 
exp.9 5-37 
XXX.0 XXXpLY XXXPLY XY-XXpi X-XXply 
Dp-100 25.8 75-9 exp. 10a 19.4 46.9 33:7 
exp. rob 18.5 54-9 26.6 





* Includes XX gametes containing X°/X crossovers. 
Tt Bridges (1916) table 2. 
{ Bridges and Olbrycht (1926). 


171 F, females, in a similar experiment (10b), which were tested by out- 
crossing to Plum used as a detector of Y. Both tests seemed to show that 
Y segregates more often with X than with X and attached fragment, the 
ratios being about 1.4:1 and 1.7:1. However a subsequent test, in which 
XXX?*Y females of the stock used in experiment 1ob were mated directly 
to Plum, showed the presence of an extra.Y in only about half of the F; 
non-duplication females and males. The same random distribution of Y 
has again been found. Non-duplication male and female offspring of 
XXXP*Y females were mated to flies that were y w Dp w” ©, another 
detector of Y. Of 217, tested in this way, one half of them (109) had re- 
ceived a Y chromosome from the mother, showing random distribution 
of Y with X, and with X and attached fragment in the XXX?*Y females 
whose offspring were tested. The question then remains open as to whether 














438 L. V. MORGAN 


Y segregates less frequently with an X when a fragment is attached to 
the X. 

Equational non-disjunction had occurred in possibly four instances in 
the lines both of the free and of the attached fragment (see table 10 for 
parentage). In experiment 9 with the (1;f) line, a y*® s car 6b female was 
tested and gave y ec cf® s car and y* cv v s car males (and crossovers), show- 
ing that the tested female had originated from non-disjunction of the prox- 
imal ends of the X’s, one of the _X’s being a crossover in region 5. A y” cv vf 
female in experiment 5a had probably been derived from equational non- 
disjunction; or it may have come from reductional non-disjunction with 
X/X crossing over in region 7, that is, in a region nearer to the spindle-fiber 
attachment than in any other fly from reductional non-disjunction. In 
experiment 1d with the (1;1) line, a y w female was tested to determine 
whether she carried attached X’s from X°/X crossing over (with a second 
crossover between X’s), but the test showed two separate X’s and a Y 
chromosome. A y w female in experiment 1ob was subject to the same ex- 
planation but was not tested. 

Two patroclinous females were observed in experiment 1tob. One was 
bred and the offspring showed that she had received two separate X’s 
from her father and a Y from her mother. The females had developed from 
eggs of segregation III (figure 3f) but were of a class of zygotes so rarely 
to be expected that it has not been shown in the figure. 


RELATIONS BETWEEN CROSSING OVER AND DISJUNCTION 


The results of ANDERSON (1929), DoBzHANSKY (1933) and others have 
furnished abundant evidence that chromosomes that have exchanged seg- 
ments usually pass to opposite poles of the meiotic spindle. Almost all of 
the recovered X/X crossovers in the experiments with Dp (1; f) 100 have 
been found in zygotes from X eggs. Very rarely flies derived from XX eggs, 
known not to contain a crossover with the fragment, were equational for 
recessive mutant characters. For example, in experiment 9 only one of 594 
XXY females that were reductional exceptions and not X*/X crossovers 
was equational for distal loci. She was y cv v bb, which indicated crossing 
over in region 5 in one X. There were no reciprocal crossovers in 23 9 
females that were tested. 

In the line of attached fragment without Y (XXX»4, experiment 1, 
table 9) no equationals were observed among the very few females (9) 
derived from XXX?4 eggs. 

In experiments toa and rob in which the mothers carried the attached 
fragment and Y, five females (namely two w and three w cv) among 1195 
exceptions from XXXP4 eggs were equational for distal loci, and one was 
a reciprocal crossover between X’s (table 10 at (c), appendix); 183 of the 
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exceptional wild type duplication females were tested and were not recipro- 
cal crossovers. 

The effect on the distribution of the chromatids of a distal exchange 
between the X’s accompanying X°/X exchange was studied. When ex- 
change occurs between the proximal section of a free fragment and an X it 
is assumed that the exchange will usually be followed by disjunction. 

In the lines with the attached fragment (XX X?4 and XXX?*Y) ex- 
change between the proximal section of the fragment and an X produces 
attached-X females (except in case of the undetectable exchange between 
the fragment and the X to which it attached). The distribution of the 
products of a second exchange between X’s is determined by the attach- 
ment of the X’s. Such double crossovers were found in about half of the 
attached-X females which were X°/X crossovers. 

By diagonal exchange between the fragment and X, sister strands are attached together and 
a resulting attached-X female shows the recessive characters of the X that is attached to the frag- 
ment and is detectable as an exceptional type in outcrosses. Sister strands being attached to each 
other a more distal exchange could take place only with the free X. There was one y w cv vf 
tested attached-X female (in experiment rob) in which there had been no crossing over between 
X’s. In two other such females a second exchange had occurred (in region 4 in one y? v f female in 
experiment roa, and in region 1 or 2 in one y* cv « f female from the second type of female parent 
used in experiment rob, table 10, appendix). 

When X°/X crossing over occurs between the fragment and the free X, the resulting attached- 
X female is y? and a second crossover might be reciprocal (detectable only by testing and none were 
found) or equational and detectable by homozygosis of distal recessive genes (except homozygosis 
of y*). Of four y? females, two in experiment 1d and one in experiment 10a (table 10, appendix) 
were tested and were probably not crossovers for X, and one y* female in experiment 1 (table 9, 
appendix) was not tested. Three other crossovers between the fragment and the free X were 
also equationals for X; two y? cv females in experiment rob were not tested but were of the type 
of attached-X females which are X/X crossovers in region 3 or 4, and one tested y? female in 
experiment 10a carried attached X’s of which one was a crossover in region 2 (she was homozygous 
for y? and carried only normal alleles of ec). 


It has been seen that when the X’s and the fragment are free, crossover 
chromatids from exchange between the proximal section of the fragment 
and X are recovered in both X and XX eggs (table 3, experiment gd, 9) 
and that three of the five females from X eggs found to be X"/X cross- 
overs, in experiment 7, were also X/X crossovers, indicating that about 
half of XP/X crossovers were also crossovers between X’s in the line of 
the free as in the line of the attached fragment. 

The X°/X crossing over is detectable only in females from X-gametes, 
in the experiments that show X/X crossing over, and is not detectable 
in XXY females from XX-gametes hence a calculation has been made of 
the frequency of distal X/X crossovers to be expected among XXY fe- 
males when double crossing over (X®/X and X/X) has occurred. 

Assuming that, at the reductional (first) division, crossover proximal 
fragment and X pass to opposite poles, an X egg would receive a double 
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crossover (X?/X and X/X) chromatid only after three-strand double 
exchange and only when the crossover X’s also disjoined and passed to 
opposite poles. The double crossover chromatid would go to the haplo- 
X pole, and after the equational division both daughter nuclei would re- 
ceive a double crossover chromatid. The diplo-X pole of the first division 
is represented by figure 4, A1; after the second division one daughter nu- 
cleus would receive a crossover and a non-crossover chromatid, and one 
would receive two non-crossover chromatids (the possible combinations 
indicated in figure 4, Ar). The females recovered from eggs containing one 
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FicurE 4.—Diagram of double crossing over in a duplication female XXX»4 (carrying free 
X’s and fragment), when proximal crossing over occurs between the fragment and an X (X°/X) 
and simultaneous distal crossing over between the entire X’s (X/X). It is assumed that crossover 
fragment and X pass to opposite poles. The four chromatids that pass to the diplo-X pole after 
the first (reductional) division are represented by Ax and Az it the X crossovers go to opposite 
poles, and by Ar, A2, Br and B2 if the X crossovers segregate at random. After the second (equa- 
tional) division eggs which have received whole chromatids from a diplo-X pole will contain two X 
chromatids each, and if fertilized by Y sperm produce XXY females. If X crossovers always go to 
opposite poles at the reductional division the XX Y females to be expected are 2 non crossovers: 
2 equationals: o reciprocals, as shown by the possible combinations of chromatids at Az and Az. 
If X crossovers segregate at random the expected XXY females are 2 non-crossovers: 4 equa- 
tionals: 2 reciprocals. 


of the four reduced nuclei should be two double crossover XX females to 
one equational XXY female to one non-crossover XXY female. From 
four-strand double exchange the expectation is one XXY female that is 
equational to one non-crossover (figure 4, A2). Hence the total expectation 
when X crossovers pass to opposite poles is 2X X double crossover females: 
2 non-crossover XXY: 2 equational XX Y. Random disjunction of cross- 
over X chromatids after three and four strand double exchange includes all 
the distributions indicated in figure 4. It would result in 2 XX females, 
from X eggs containing a double crossover chromosome (derived from the 
nucleus of the haplo-X pole of the first division) to 8 XXY females from 
XX eggs which would be non-crossovers for X, equationals, and recipro- 
cals in the ratio of 2:4:2. 
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The experiments yielded small numbers of these infrequent classes and 
show lack of agreement with either expectation; they show also inconsist- 
encies which do not seem to be entirely due to the small number of obser- 
vations. It has been noted that only five observed crossovers between the 
fragment and X (X®/X) are available for determining the expectation of 
the frequencies of their own and of other classes in experiment 7. Three 
of the five were double crossovers (X®/X and X/X). Allocations from am- 
biguous types make a total of 14 X®/X crossover females from X-eggs. 
If the same proportion of these as of the X®/X crossovers that were ob- 
served (that is about half) may be assumed to be also crossovers between 
the X’s, then 7 at least of 190 observed XX Y females would be expected to 
be equationals. This would be the expectation if the distal crossover X 
chromatids had disjoined, but twice as many equationals are expected 
and 7 reciprocals as well if segregation had been random. But of the 105 
XXY tested females not one was either a reciprocal or an equational, and 
of the 85 not tested none was equational whereas only homozygosis for 
y* could not have been detected. 

In 5a crossing over of the fragment was not detectable, but among 
137 XXY females there were distal crossovers between the X’s, table to 
at (b). There were three equationals (one y and two y* cv, showing cross- 
ing over in region 1 or 4 in one chromosome) and there were three recipro- 
cals (involving regions 1, 2, or 4). These occurred among 108 that were 
tested and represent a total of four equationals (at most) and four recipro- 
cals. The reciprocals show that non-disjunction of crossover X’s had taken 
place in some of the nuclei. Assuming that X®/X exchange had occurred 
with the same frequency as in experiment 7, there is an expectation of 
eight equationals and four reciprocals from random segregation. A y* cvvf 
female may have originated from equational non-disjunction. The entire 
absence of distal crossovers in XXY females in experiment 7 is not ex- 
plained. Experiment 5a though not in close agreement comes nearer to 
expectation from random assortment. 

In experiment 9, double exchange (X®/X and X/X) could have been 
detected in females from XX eggs but none of the 11 XXY females that 
carried an X?/X crossover chromatid was equational for recessive mutant 
characters. 

Thus, the results from different experiments are at variance, for types 
found in some experiments have not been observed in others in which 
they would have been detectable. But the results show that almost all of 
the crossover X’s observed in flies from XX eggs in the line of the free 
fragment may be accounted for as occurring in eggs that have been derived 
from proximal disjunction of crossover X and fragment as distinguished 
from reductional non-disjunction of X’s; that few X/X crossovers occur 
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in flies from XXX>4 gametes; and that whatever X/X exchange was ob- 
served in flies from either XX eggs or XXX?4 eggs had occurred in the 
distal region of the X. 

DoszHANSKY also found that in the lines of X-duplications crossovers 
are rare in gametes carrying two X’s. 

It has frequently been observed since first pointed out by BRIDGES 
(1916) that crossover X’s do not occur in XXY females from secondary 
non-disjunction. GERSHENSON (1935) has found that o.2 percent of excep- 
tional gametes from XX!"CBY females were distal equationals but he 
found no reciprocal crossovers. This difference is to be expected if cross- 
over chromosomes had disjoined and if proximal disjunction had been 
determined perhaps by a relation to the Y in a nucleus in which distal 
crossing over had taken place between the X’s. It is consistent with the 
results of BRIDGES and ANDERSON (1925) in triploids in which they found 
(distal) equational but not reciprocal crossovers in XX gametes, and with 
the results of BEADLE (1934) in attached-X triploids in which disjunction 
is determined by the attachment, and reciprocal crossovers were found with 
the frequency expected in XX gametes if the second crossover is random. 

The evidence from Dp-1oo is in agreement with the view that crossover 
chromatids usually go to opposite poles of the spindle and suggests that 
in duplication females this holds more consistently for proximal crossovers 
than it does for distal crossovers, when one of the chromosomes involved 
has crossed over in a proximal region and disjoined from the third element. 
The converse question remains whether chromatids that are not cross- 
overs stay together and to this end the distribution of the X homologues 
in no-exchange tetrads was studied. 

The percent of tetrads in which there was no X/X crossing over has been 
approximately estimated; crossover and non-crossover strands represented 
by crossover zygotes have been subtracted from the total percents of cor- 
responding strands in the proportions indicated by observed zygotes that 
were single, double and triple crossovers, on the basis of random exchange 
between non-sister strands in the four-strand stage. The final residue 
of non-crossovers is the estimated percent of tetrads containing no cross- 
over strands. 

In XX X?4 females (experiment 7) there were 11.0 percent no-exchange 
tetrads, of which 31.0 percent gave XX-XP4 segregation. In experiment 5 
there were 13.4 percent no-exchange tetrads and (correcting for 5 percent 
of X/X crossing over in XXY females) it was found that 35.4 percent of 
these gave XX-X?4 segregation. Thus, in no-exchange tetrads containing 
the free fragment there is nearly random distribution of the X’s and the 
fragment. 

In XXX>4 females (experiment 1) there were 13.3 percent no-exchange 
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tetrads; the total amount of XX X»4-O segregation was 0.30 percent which 
was only 2.3 percent of no-exchange tetrads, showing that disjunction of 
X from X with a fragment attached was nearly complete irrespective of 
crossing over. But when a Y chromosome was present there was 19.4 per- 
cent of XXXP4-Y segregation, which was 56 percent of no-exchange 
tetrads. 


DISCUSSION 

Crossing over. The relation of the percents of crossing over between entire 
X’s in the presence of the duplicating fragment to percents from controls 
in the seven or eight regions that were studied have been plotted against 
the map of the salivary chromosome (fig. 2), on which are shown the rela- 
tive positions of mutant genes as located by MACKENSEN (1935) and 
BRIDGES (1938). The graph shows that in Dp-100 when Y is not present 
the effect on crossing over is the same (except in one region) whether the 
fragment is controlled by its own spindle fiber or is attached to one of the 
entire X’s. In both events the greatest reduction is at the spindle fiber 
end which is the region homologous to the proximal section of the frag- 
ment. The curves gradually increase to a maximum in the third region 
between cv and ct and then decrease to points somewhat below 1 (control) 
in the most distal first region which is homologous to the distal section of 
the fragment. 

More detailed examination of the results shows that reduction in X/X 
crossing over is the same in the lines of the free fragment (1;f) and of the 
attached fragment (1;1) in regions 4, 6, 7 and 8; the relations are less 
regular in region 5. In region 3 the curves for the free lines (1;f) reach 
points higher than 1. The percent of crossing over in experiment 7 alone, 
or combined with the percents of experiments 3and 5,is significantly higher 
than the percent in experiment 1 with the line of attached fragment (1;r). 
In the first region the results are again less different as between the free 
and the attached fragment. 

The differences in region 1 between percents for the duplication and 
those for the control are so small as not to be significant in any one experi- 
ment but are so consistent as to indicate that there is in fact a slight re- 
duction in crossing over. 

For further comparison, results from DoBzHANSky’s duplications of the 
X chromosome and those from experiments with the lines of free and 
attached fragment of Dp-1oo are presented graphically in figure 5. 

DoszHANSKY (1934) has shown that in the duplications studied by him 
frequency of exchange between the entire X chromosomes is reduced in 
the presence of the duplication fragments, that the relatively greatest re- 
duction is observed in the regions homologous to the fragments and in 
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the adjacent regions, and that the degree of reduction is positively corre- 
lated with the length of the fragment. 

Three of DoBzHANSKy’s duplications that are attached to chromosomes 
other than the X (T-3, T-7 at the ends of chromosomes III and II, and 
126 attached to chromosome III at a point near to the spindle fiber at- 
tachment) very clearly show the reduction in the tested regions. So also 
does Dp-138 consisting of a proximal fragment attached to an X at the 
spindle fiber end. 
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FicurE 5.—Relation of percents of crossing over between entire X’s to controls in experiment 
7 (Dp (1;f) 100), in experiment 1 (Dp (1;1)100) and in duplications studied by Dopznansky. Axes, 
symbols, and lines denoting extents of fragments as in figure 2. 


Four duplications (134, 101, 105, 102), consisting of distal fragments on 
spindle attachments of their own, give similar reductions, and in addition 
to the effect in the homologous distal region they show also a reduction 
in crossing over in the 7th region (there are no data for the 8th). These 
duplications contained some portion of the inert region, enough to include 
the locus of bb in Dp-101 and in Dp-105. In Dp-1o1 the reduction in the 
7th region was even greater than the reduction in the distal region homolo- 
gous to the short fragment which includes only the loci as far as y and sc. 
In Dp-105, which is the longest of the distal duplications and proximally 
contains the greatest length of inert region, crossing over was not as fre- 
quent as in the control in any region. 
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Dp-138 extends from the spindle attachment to a point distal to the 
locus of rudimentary and contains therefore an active section of X from 
r to Bx not included in Dp-10o. The reduction in crossing over in the f-car 
region (7th) in Dp-too is as great as in Dp-138. There was no control for 
Dp-138 in region 8, but using the control for experiment 7 (which is the 
same in regions 6 and 7 as the control for Dp-138) crossing over appears to 
be reduced more than in Dp-too in region 8. Thus the effect of the proxi- 
mal component of the fragment of Dp-r1oo is consistent with the results 
from the other duplications, including the reduction found in region 7 in 
duplications composed largely of a distal section. 

But when the distal effect of Dp-100 is compared with that of largely 
distal duplications the result is quite different. The slight reduction indi- 
cated as probably occurring in the region homologous to the distal section 
of Dp-100 is by no means comparable, in relation to lengths of fragments, 
to the reductions found in the other “distal” duplications (only Dp-102 
gives an inconsistent result in the 1st region and in the 7th but not in the 
2nd which is homologous to the fragment). The distal effect of Dp-1o0 is 
like that of the much shorter Dp-1o1 and the effect is much less than that 
of the somewhat shorter Dp-134. 

It is evident that the position of the components of the fragment may 
be a very important factor in their effects. In this connection it may be 
noted that the long proximal Dp-138 has a much greater effect on X/X 
crossing over than has the long distal section of Dp-105. Dp-100 has, in 
proportion to the length of its proximal component, an effect comparable 
to that of the simple proximal Dp-138, in the region of the X’s homologous 
to the proximal component, and the distal effect also is not very different 
in spite of the presence of the distal component in Dp-100. Thus the re- 
sults suggest an advantage in pairing at the proximal end of the chromo- 
some over pairing at the distal end. 

DuBININ et al (1935) showed that, in the salivary glands, short proximal 
sections of chromosomes pair rather than much longer distal sections. 

PAINTER (1934 and 1935) had found the same kind of pairing in the 
salivary chromosomes in Mottled-5 and other translocations of the fourth 
chromosome. He found that in a heterozygote the normal fourth chromo- 
some tends to pair with a very small segment of the fourth at the spindle 
fiber end rather than with the segment comprising almost the entire 
fourth chromosome attached to the X near its distal end, or to a point on 
a large autosome far removed from the spindle fiber attachment. He points 
out the importance of the telophase orientation in pairing and the possible 
application in the understanding of pairing at meiosis in forms in which 
there are aberrant elements. 

DoBzHANSKY (1936) has shown that the chromosome pattern tends to 
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persist through the interphase in spermatogonial divisions in Drosophila 
pseudoobscura and emphasizes the importance of taking into account the 
telophase orientation and spatial distribution of chromosomes in the study 
of crossing over variations in chromosomal aberrations. 

With the telophase orientation as the key to the situation, the proximal 
component of the compound duplication is expected to be, at the time of 
pairing, in a position similar to that of a simple proximal fragment, and 
the proximal effects of Dp-109 are in fact comparable to the effects of the 
proximal Dp-138. In considering the effect of the distal component its 
position in the nucleus is a factor to be taken into account. In relatively 
simple “distal” duplications containing more or less of the inert region, 
the position of the proximal end of the distal fragment at telophase is 
near to the spindle fiber attachment or near to the locus of bb at the far- 
thest; in Dp-r1oo its position is determined by its attachment to the distal 
end of the proximal fragment (near the locus of fu) which, due to the pair- 
ing of the proximal component, may be a relatively fixed point at about 
the middle of the X’s. In this position the distal fragment has been shown 
to have scarcely any effect on the crossing over between the X’s at their 
distal ends, whereas a shorter fragment in Dp-134 proximally attached 
to its own spindle fiber attachment and not including the locus of bd has 
a marked effect. In fact, in proportion to the lengths of the distal sections, 
Dp-134 has a relatively greater effect in the distal homologous region than 
have Dp-1o1 and Dp-i1os, both of which include the locus of bb; and Dp- 
134 has a lesser effect than either in region 7 (the most proximal region 
that was observed). Proximal sections are effective in proportion to their 
lengths; distal sections, attached to a proximal section, are effective di- 
rectly in proportion to their lengths and inversely to the distances by 
which they are removed from the spindle fiber attachment. 

The fact that the effect of the distal section of a compound duplication 
is conditioned by the extent of the proximal section is evidence that telo- 
phase orientation is important, and is consistent also with MATHER’s con- 
clusion that in D. melanogaster pairing takes place first near the spindle 
attachment. His conclusion is based on a study of the relation of points 
of crossing over to the spindle attachment and to each other. It is also con- 
sistent with the relation found in inversions by STONE and THomas (1935) 
in agreement with observations of StuRTEVANT and BEADLE (1936) who 
state “that an inversion is more effective in suppressing crossing over in 
segments distal to itself than in proximal segments.” Since reduction in 
crossing over between the X’s is the same whether the fragment is free or 
is attached, the telophase orientation appears to be in this regard as effec- 
tive as a permanent attachment. 

It has been seen that the effects of the compound Dp-1oo are similar to 
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those of the proximal Dp-138 in the regions that are homologous to both 
components of Dp-1o0o; in the intermediate regions there are two differ- 
ences. Proceeding distally from the region homologous to the fragment, 
in Dp-138 crossing over rises abruptly to the same frequency as the control 
in the region beyond the fragment whereas in Dp-too the ratios increase 
gradually and in region 3 crossing over is more frequent than in the con- 
trol, a peak only slightly shown in Dp-138 and not in the “distal” duplica- 
tions. It is of interest to note that the peak occurs in a region which has 
a high coefficient of crossing over, the highest in fact of all regions of the 
complete chromosome complement (MorGAN, BRIDGES and SCHULTZ 
1937). 

The effects on crossing over in regions not homologous to the compo- 
nents of the fragment must in their turn be dependent upon spatial rela- 
tions correlated with the peculiar pairing relations of the homologous 
regions. Furthermore the whole chromosome complement is involved in 
disturbances of crossing over in a given region, as shown by interarm 
effects and by interchromosomal effects (DoBzHANSKY and STURTEVANT 
1931, DOBZHANSKY 1930, 1933, MORGAN, BRIDGES and SCHULTZ 1930, 
1932, 1933, 1935, STEINBERG 1936 and MACKNIGHT 1937). 

DoBpzHANSKY has shown that the frequency of exchange between the 
fragment and an entire X is not at all commensurate with the reduction 
in crossing over between the X’s in the homologous region. The two are 
however positively correlated and are correspondingly correlated with 
the length and position of the fragment. 

Crossovers between a free fragment and one of two attached X’s were 
observed by DopzHANsky in two duplications. In the long proximal 
Dp-138 he found crossing over between the proximal fragment and an 
X in 0.7 percent of gametes, and in the distal Dp-105 crossing over was 
apparently much less frequent. This relation corresponds to a greater 
reduction in crossing over between the X’s in the regions homologous to 
the fragment in Dp-138 than in Dp-1o5, the ratios of percents of X/X 
crossovers in the duplications to control being 0.11:1 and 0.34:1 respec- 
tively (the smaller ratio representing the greater reduction). 

The values for the duplicated regions of Dp-100 are consistent with 
these. For the proximal region, the values are nearly the same as those 
for Dp-138 and are intermediate between those for Dp-138 and Dp-1os5. In 
Dp (1;f)100, it is estimated that the frequency of X®/X crossing over 
when the fragment is free is 0.5 percent and the ratio of X/X exchange 
to control (in the 7th and 8th regions) is 0.13:1. Exchange between the 
distal component and an X (X4/X) takes place rarely and corresponds 
to a very slight distal reduction in X/X exchange, represented by the 
ratio 0.85: 1, 
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Although the frequency of crossing over of the fragment increases as the 
reduction in crossing over between the X’s increases, XPP/X crossing over 
is obviously only a small fraction of the total crossing over in the homol- 
ogous regions, even with the longest of the fragments that have been 
studied. If exchange were random among the three homologues the 
expected ratio of XPP/X to X/X crossing over would be 2:1; in Dp-105, 
Dp(1;f)100 and Dp-138 the ratios are less than 0.13:1, 0.30:1 and 0.50:1 
respectively. The three duplications are mentioned in the order of increase 
in X?/X crossing over, and the ratios show further that increase of 
frequency of crossing over involving the fragment is positively correlated 
with increase in its proportion of total crossing over in the homologous 
region. 

Puitip (1934) studied crossing over in a duplication, known as Dp-B*, 
in which the fragment is a proximal section of the X chromosome, (includ- 
ing the locus of B to the spindle-fiber attachment) to which most of the 
fourth chromosome is attached. Corrected data from females give 0.14 
percent of crossing over between attached X’s and the free fragment. The 
value is low compared to 0.7 percent for the somewhat longer proximal 
Dp-138 in the same form (XXX). When the fragment of Dp-B* was 
attached to an X, the corrected data from females give 0.2 percent of 
X?/X crossing over. This does not show the decrease in X?/X crossing 
over, when the fragment is attached, which was found in Dp-1oo. An 
important factor in Dp-B* is the attachment of the fourth chromosome 
at the distal end of the fragment which originated in a I, IV transloca- 
tion. 

DoszHANSKY has compared two translocations T-3 and T-7 with the 
duplications derived from them and has reached conclusions that may be 
further analyzed. In each of the duplications the distal fragment of the X 
is attached at the end of an arm of one of the large autosomes and may 
pair with the two X chromosomes. In the corresponding translocations 
the only exchange in the distal region of the X is that which occurs 
between the fragment carried by the autosome and the single whole X. In 
a translocation, synapsis of the fragment is the condition for exchange in 
the region homologous to the fragment; in the corresponding region in a 
duplication the presence of the fragment is a factor in reduction of cross- 
ing over between the entire X’s and of total crossing over in the region; 
the pairing of the autosomes involved is a factor affecting synapsis of the 
X’s in both forms. DoszHANsky states that as a rule crossing over is 
more reduced in translocations than in duplications derived from them. 
His data show further that this relation holds for T-3 and T-7 only for 
the region homologous to the fragment, where crossing over between the 
fragment and the single entire X in the translocations was less frequent 
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than crossing over between the entire X’s in the corresponding duplica- 
tions. 

The regions not homologous to the fragment in T-3 and T-7 were present 
in the duplications in two chromosomes that were entire X’s, and they 
were present in the translocations in one entire X and in a proximal 
fragment comprising a large portion of the X (from the spindle fiber 
attachment to a point proximal to ruby). The total frequency of cross- 
overs in these regions between the partial X and the entire X in the trans- 
locations was the same as between the entire X’s, in the corresponding 
duplications.-The nature of the effect of a translocation on crossing over is 
perhaps more clearly shown in ANDERSON’S (1929) line of high non-disjunc- 
tion. The X was broken near the locus of vermilion into two long segments 
and the distal fragment translocated onto chromosome III. The greatest 
reduction in crossing over between the X’s was in the region of the break 
and the reduction decreased toward both ends of the X. 

DoBZHANSKY’s data for T-3 show the relative frequencies with which 
the distal fragment crosses over when present in the heterozygous trans- 
location and in the duplication. There were 0.42 percent crossovers 
between the distal fragment and the one entire X in the first region in the 
translocation (and some additional crossing over involving the fragment 
since it overlapped about half of the second region). In the duplication 
there were only 0.21 percent crossovers between the fragment and both 
of the X’s. 

Although the fragment in the duplication from T-3 was about three- 
fourths of the length of the distal section of Dp-105 and the reduction 
in crossing over between the X’s was correspondingly not so great, still 
in Dp-T-3 the ratio of X4/X to X/X crossing over (in the homologous 
region) was more than 0.13:1 as compared with a ratio much less than 
0.12:1 in Dp-105 when the fragment was present with attached X’s. This 
suggests that the fragment of Dp-T-3, in its position at the end of a large 
autosome, may have an advantage in crossing over, over a distal fragment 
‘attached to a short proximal region, without increase in its effect on cross- 
ing over between the entire X’s. A similar advantage to a fragment in a 
free state rather than attached to an X has been shown in X° of Dp-1oo. 
In Dp-1o5 the ratio of X4/X to X/X crossing over was 0.02:1 when the 
fragment was attached to another X, and less than 0.12:1 when free and 
the X’s were attached to each other. 

DoszHANSKY (1934) has pointed out that the effect of a fragment on 
crossing over in regions homologous to itself is opposite to that of a third 
X in a triploid. Total crossing over among X’s in triploids is higher than 
in diploids, especially in the most proximal and distal regions (BEADLE 
1934). DoBzHANSkKy’s study and the present study of X-duplications show 
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that the longer the fragment (in a given position) the greater the reduc- 
tion in the total crossing over among the three units of the system and 
the greater the proportion of crossing over of the fragment. The limiting 
hypothetical situation is a system of three entire X’s (the superfemale 
condition) in which crossing over should occur infrequently, and at 
random if at all. 

BEADLE and Epurussi (1937) have recently found that the offspring 
from the ovary of a superfemale transplanted into a normal female show 
almost no crossing over among the three X’s. But the authors’ analysis 
of this and of other irregularities leads them to conclude that the chromo- 
some unbalance characteristic of super females has a specific effect on the 
meiotic mechanism of all of the chromosomes. 

In the conditions prevailing in triploids, in which crossing over is 
increased, REDFIELD (1930) has found that when crossover reducers are 
present in one of three homologues of a triploid “the remaining two 
chromosomes cross over as they do in triploids and not as they do in 
diploids.” 


DISJUNCTION 


The diagram used by STURTEVANT to show the disjunction relations 
that hold among three fourth chromosomes has been found convenient 
for representing the types of segregation of the sex chromosome homo- 
logues under discussion. STURTEVANT, in estimating the frequency with 
which a fragment of the X chromosome will segregate with attached X’s 
rather than with Y (in XXX»¢Y females) applied his results obtained for 
the fourth chromosome, but it appears from the present study that the 
relations of the chromosomes at disjunction established for the fourth 
chromosomes do not hold for the sex chromosomes. By use of the diagram 
and of certain definitions, STURTEVANT illustrates a constant relation of 
disjunction between any two given fourth chromosomes of his series. He 
found that his results were verifiable if he assumed that, when two of three 
chromosomes go to opposite poles of the meiotic spindle, the proportion 
in which one of them goes to the diploid pole is a property of those two 
chromosomes and is independent of the nature of the third opposing 
chromosome. 

This is found to be not true for X and Y when the third chromosome 
is another normal X or one which is altered in one way or another. For 
example, if an X and a Y chromosome are present with an X containing 
the inversion dl-49 then, when X separates from Y, the proportion of 
times in which X segregates with X‘'° is the frequency with which X 
passes to the diploid pole divided by the sum of the frequencies with which 
it passes to the diploid and to the haploid pole. Using this formula, which 
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gives a constant value for any two fourth chromosomes, it is found that 
when X separates from Y the proportion in which it goes to the diploid 
pole is not constant when the third opposing chromosome is changed. The 
different values are 0.113, 0.726, 0.77 and 0.365 when the opposing ele- 
ments are respectively normal X, In-CIB, In-dl-49 and an X with the frag- 
ment of Dp-10o attached to it. Obviously there are differences in the 
four examples in the crossover relations between the X (and the Y) and 
the various opposing X’s. The effect of crossing over on disjunction 
probably enters into the problem. In XXY almost normal crossing over 
takes place between the X’s. In XX!Y there is a reduction in crossing 
over due to the inversion in the opposing X. In the duplication an agent 
reducing crossing over is the fragment introduced by the third element, 
which is the fragment and X attached to each other. There may be other 
factors affecting disjunction due to the attached fragment. At the time 
of disjunction the proportion of tetrads containing only non-crossover 
chromatids varies in the four combinations. 

STURTEVANT and BEADLE (1936) have studied the distribution of hcmo- 
logues in females heterozygous for X inversions and have found that the 
X’s of nearly all tetrads in which no exchange has taken place segregate 
together when a Y chromosome is present. In XX females heterozygous 
for In-dl-49, in which exchange takes place in only about 30 percent of 
tetrads, disjunction of the X’s occurs regularly. But when a Y chromo- 
some is present, they have found that in go percent of no-exchange 
tetrads the X’s pass together to one pole away from the Y. 

In the line of attached fragment, Dp (1;1)100 (without Y), disjunction 
of the X’s is nearly complete (there are about 0.30 percent of exceptions) 
although there are 13.3 percent no-exchange tetrads. The pairing relations 
concern three elements which in disjunction are reduced to two units. 
In the presence of Y there is 19 percent of non-disjunction of X’s and the 
frequency with which the two X’s segregate together in no exchange 
tetrads is 56 percent. Disjunction of the fragment is determined by its 
attachment to an X, and non-disjunction of X’s in no-exchange tetrads 
is also in this combination increased by the presence of Y. 

It has been seen that in Dp(1;f)100 with two normal X’s and a free 
fragment 31 percent of no-exchange tetrads give non-disjunction of X’s. 
This results in a total percent of exceptions which is nearly the same as 
the percent of secondary exceptions from XXY females in which crossing 
over is normal, but the analysis shows that the conditions leading to 
approximately the same result are different. The percent of exchange 
tetrads is greatly reduced by the presence of the fragment and disjunction 
in no-exchange tetrads is nearly random in the duplication female. 
Observations have been made by StuRTEVANT and BEADLE on disjunc- 
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tion in systems of three homologues when one of the X’s carries an inver- 
sion and the third element is a Y or a short fragment, the length of the 
fragment being varied. 

The Y chromosome has been found by them (StuRTEVANT and BEADLE 
1936) to be but slightly concerned with reduction in crossing over between 
the X’s (for example in In-dl-49). They refer to a difference between the 
effect of Y and of a small fragment of X on the percent of exceptions in 
females heterozygous for In-CIB. Unpublished data from experiments done 
separately by the two authors show that the frequency of exceptional 
zygotes from CIB/+ is almost o (as in XX), from CIB/+/Y it is 40 
percent and from CIB/+/X?? it is 5-10 percent, corresponding respec- 
tively to 57 percent and 9—18 percent of segregation of the X’s to the same 
pole. 

In XXX?4¢ females (Dp(1;f)100), non-disjunction of X’s is nearly 
random in no-exchange tetrads, whereas in XX?!*°Y females, STURTE- 
VANT and BEADLE found nearly complete non-disjunction of X’s (go per- 
cent) in no-exchange tetrads. If 57 percent of XX1-Y segregation repre- 
sents go percent of no-exchange tetrads in CIB and if fragments of X 
produce an effect similar to that of the fragment in Dp(1;f)100 then about 
one-third of 57 percent or 19 percent of XXCIB-X»P segregation might be 
expected from duplication females heterozygous for CIB. The percent 
would vary with the length of the fragment since reduction in the amount 
of crossing over and probably the frequency of no-exchange tetrads are 
correlated with the length of the fragment. 

The effect on disjunction of a fragment of X with the long arm of Y 
attached to it, described by Purtrp (1934), is in one combination of X 
homologues comparable to the effect of a Y chromosome. She found that in 
attached-X females carrying the proximal fragment of Dp-B* the fre- 
quency of XXX°-O segregation was 8.7 percent; but, when the long arm 
of Y was attached to the fragment, there was nearly complete disjunction 
of this new unit from the attached X’s (the frequency of XXX?Y’-O 
segregation was only 0.33 percent). Complete disjunction occurs also in 
XXY females. 

The frequency of XX X»4-O segregation in the original female of Dp-100 
was 25.8 percent and when a Y was present the frequency of segregation of 
the fragment with the attached X’s away from Y (XXX?P4-Y) was 75.9 
percent. Comparison of duplications of DoszHaNsky’s study shows 
opposite correlations of the frequencies of the two types of segregation 
with the length of the proximal section of the fragment. DoBzHANSKY 
observed a negative correlation between the length of fragment and the 
frequency of XXXP»-O segregation. In the duplications studied by him 
that contained very short fragments of the distal region of X and more 
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or less of the inert region, XXXP-O segregation was less frequent when 
the locus of bb was included, except in Dp-102 which has already been 
referred to as exceptional in crossover relations. The frequencies were 
10-19 percent when the locus of bb was present and 24-27 percent in its 
absence. When a Y chromosome was present with the same fragments 
non-disjunction of the attached X’s and fragment was increased but in 
such proportions that XX XP-Y segregation was more frequent when the 
locus of bb was included than when it was not present; non-disjunction was 
over 50 percent when the fragment covered bb and less than 50 percent 
when it was shorter. (One exception (Dp-106) which seemed when tested 
not to contain the locus of 6b nevertheless gave frequencies of the two seg- 
regations similar to those of the other duplications covering y svr and bb; 
SIVERTZEV-DOBZHANSKY and DoBzHANSKY (1933) state that the tests 
were not altogether conclusive.) The relation of crossovers to disjunction 
in these combinations of attached-X’s and fragment is not known. 

A constant property of the Y chromosome is the effect of increasing 
non-disjunction of two other units of X homologues in combinations that 
have been described by others and in this study; non-disjunction is 
increased when Y is present with XX, XXI™, XXXDPP and XXX?4, 
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SUMMARY 


1. The duplicating fragment of Dp-1oo is an X chromosome deficient 
for the middle section. The fragment contains a distal component extend- 
ing from the distal end of the chromosome (yellow) to a point between the 
loci of prune and white, and a proximal component extending from a 
point between the loci of Beadex and fused to the spindle fiber end. The 
fragment therefore contains the inert region, the section homologous to 
Y, and some of the active region of the middle and distal end of the X. 

2. The fragment produces characteristic somatic effects and lowers 
viability in females. It is usually lethal in males. It may sometimes pro- 
duce a fertile intersex when present with two entire X’s in triploids 
(DoBzHANSkY and SCHULTZ 1931). 

3. The homologues of X that are involved have been obtained in the 
combinations: (a) XXXP4¢, (b) XXXP¢Y, (c) XXXP4, (d) XXXP?Y and 
(e) XXXP4 (fig. 1). 
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4. Crossing over has been studied in the last three combinations (in 
which the X’s are not attached to each other) in eight regions from yellow 
to bobbed, and a marked reduction in crossing over between the X’s 
has been observed in the region homologous to the proximal component 
of the fragment (fig. 2). There is also a marked reduction in total crossing 
over in that region. 

5. In the two lines with separate X’s without Y, (e) and (c), reduction 
in crossing over between the entire X’s is the same (except in region 3) 
whether the fragment is free (e) or is attached to one of the X’s (c). 

6. In lines (e) and (c) crossing over between X’s is reduced to about 
one-tenth of the frequency of the control in the eighth region (nearest to 
the spindle fiber attachment). Toward the distal end of the chromosome, 
the curve representing ratios of duplication to control crossing over rises 
gradually to a maximum higher than control in the third region between 
cv and ct; it then falls but only to about 0.8 in the first region which is in 
part homologous to the distal component of the fragment (X‘“). 

7. When a Y chromosome is present and the fragment is attached to an 
X (d), crossing over is slightly lower throughout the length of the chromo- 
some and still further reduced in the eighth region. 

8. Crossing over takes place between the distal component of the frag- 
ment (X‘) and an entire X, with a very low frequency (0.01 to 0.04 percent). 

g. Crossing over occurred between the proximal component of the 
fragment (X°) and X. In the line of free X’s and fragment (e) the fre- 
quency was estimated by allocations of ambiguous types from X eggs 
in experiment 7, or by marking the X’s with 6b! which reduces exchange. 
The chromatids that are X®/X crossovers seem to occur at least as fre- 
quently in XX as in X eggs. The frequency of X°/X crossing over appears 
to be about 0.5 percent in the XXX? line (e). 

10. Corrected frequency of crossing over between X? and X in the line 
in which the fragment is attached to an X (c), as estimated from exchange 
between XP and the free X, and diagonal exchange between X? and 
attached X, was less than o.1 percent. 

11. When a Y was also present the frequency was 0.2 to 0.3 percent. 

12. In the line of free X’s and free fragment (e) crossovers between X’s 
were rarely observed in zygotes from XX gametes known to be not 
crossovers between the proximal component of the fragment (X”) and an 
X (1 equational in region 5 among 594 females). In experiment 7 half of the 
X°/X crossovers from X eggs were also distal crossovers between the 
X’s; but no X/X crossovers were observed in any of the females from XX 
eggs. In experiment 5a, asmall percentage of both reciprocal and equational 
distal crossovers was observed in flies from XX eggs, showing that distal 
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X/X crossovers do not always disjoin. The frequency was not higher than 
was to be expected if the X/X crossovers were also X?/X crossovers, which 
were not detectable. 

13. In the lines with attached fragment, with a Y (d) or without (c), 
five distal equationals were observed among 1204 exceptional females. 
About half of the X®/X crossovers which were recovered in attached-X 
females from XX eggs were also X/X crossovers in distal regions. 

14. Crossing over between Y and the other X homologues was not 
studied and was observed only in the XX X?*Y line (b). 

15. Disjunction of the different partially homologous elements has been 
studied in the five lines of Dp-1oo: 

a. The frequency of XXX»4-O type of segregation in the original female 
(a) was 25.8 percent. 

b. With Y added, in the XXX»*Y line (b), there was 75.9 percent of 
XXX?4-Y type of segregation, that is, more than the frequencies of both 
of the other types of segregation. This shows that in this combination of 
X homologues disjunction is not dependent on random distribution of one 
of the elements after separation of the other two. The result is similar to 
those obtained by BEADLE and STURTEVANT (1936) with X inversions, by 
STURTEVANT (1936) with triplo-I[V, and by DoszHANsky (1934) and 
STURTEVANT (1936) with X duplications. 

c. The frequency of segregation of two X’s together (XX-X?4) in 
experiment 7, with the line of free X’s and free fragment (e), was 3.4 
percent, that is, about one-third of the estimated percent of no-exchange 
tetrads, a nearly random distribution in no-exchange tetrads of the three 
homologues. Segregation in this combination is markedly different from 
that in XX!"Y females, heterozygous for the dl-49 inversion, in which the 
X’s segregate together in 90 percent of no-exchange tetrads (STURTEVANT 
and BEADLE 1936). These comparisons in connection with others show a 
distinct difference between the effects of Y and of even small fragments of 
X on disjunction of X’s. PHILrp (1934) found that an element composed 
of the long arm of Y attached to a proximal fragment (extending to the 
locus of B) disjoins completely from attached X’s. The effect is the same 
as that of Y in XXY females but different from that of the fragment of 
Dp-100 (15a above) and of other duplications (DOBZHANSKY 1934). 

d. Disjunction of the two X’s, when the fragment is attached to one 
of the X’s, in the XX XP line (c) of Dp-100 is almost complete as in XX 
or XX!" females; the frequency of XXX°4-O segregation was 0.3 percent 
which is about the same as in XX controls, and is only 2.3 percent of the 
frequency of no-exchange tetrads. 

e. The presence of a Y with free X’s and attached fragment (d) increases 
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segregation together of the X’s (XX X»4-Y) to about 19.0 percent. This is 
about 56 percent of the frequency of no-exchange tetrads. 

16. The reductions in crossing over between X’s in the region homolo- 
gous to the proximal component of the fragment in Dp-1oo and in the 
proximal Dp-138 studied by DoszHANsky (1934) are proportional to the 
respective lengths of the duplicating sections of chromosomes (shown 
graphically in figure 2). This is in agreement with the correlations shown 
by DoszHANSKyY in other duplications. 

17. The slight reduction in crossing over between the X’s in Dp-t1oo, in 
the region homologous to the distal component of the fragment, is not as 
great, relative to the lengths of fragments, as the reductions found by 
DoBZHANSKY in distal duplications of varying lengths having their own 
spindle fibers and containing more or less of the inert region. The reduc- 
tion in the distal region in Dp-100 is comparable to that found in a much 
shorter “distal” duplication (Dp-1o1), which includes the locus of bb. 

18. The effect of Dp-100 is throughout the whole X very similar to the 
effect of the simple proximal Dp-138, some differences appearing in the 
regions not homologous to the fragments. 

19. The results show that the proximal component of the fragment has 
more effect than the distal on crossing over of the X’s in homologous 
regions relatively to their lengths. Other comparisons show correlation 
between the extent of effects of fragments and their position. 

20. In the proximal region of Dp-100, the proportion of X°/X crossing 
over to X/X crossing over, in experiment 7 with the line of free X’s 
and free fragment (e), is about o.30:1 whereas if exchange were random 
the ratio would be 2:1. Other duplications show a similar relation. 

21. Comparison of Dp-100 with DoszHaNsky’s proximal Dp-138 and 
mostly distal Dp-105 shows that increase in reduction of crossing over 
in the region homologous to the fragment is positively correlated with 
increase in reduction of total crossing over in that region, and with increase 
in the proportion of the total that involves the fragment. In some condi- 
tions, there appear to be factors that give an advantage in crossing over 
to the fragment without changing the extent of its effect on crossing over 
of the X’s. 

22. The persistence of the telophase relations of the chromosomes 
whereby the regions of spindle-fiber attachments are closely associated 
before the first meiotic division and whereby new relations are established 
in aberrations has been shown by DoBzHANSKY (1936) to be an important 
consideration in the study of crossing over in aberrations. By a comparison 
with other duplications a proportional effect on crossing over of the proxi- 
mal component of Dp-1oo is shown. The position of a distal section in a 
duplication is determined by its attachment to a long or short proximal 














X CHROMOSOME OF DROSOPHILA MELANOGASTER 457 


component or to another chromosome. On the relatively long proximal 
section of Dp-1oo the distal component has less effect on X/X crossing 
over than have comparable distal fragments when attached to short 
proximal sections containing more or less of the inert region only, or when 
carried at the ends of the long autosomes. 
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APPENDIX 
Tables 6—10. For each type of crossover the complementary class first 
recorded in the tables is that containing the distal end of the first entire 


TABLE 6 
Experiment 3. Offspring of Dp (1;f)/y? cvvf/y ec cl’ s car 9 by yXQ o. 














—_— Non-Dp Dp CONTROL —_ NON-Dp Dp CONTROL 
2 (79) (2 2) (79) zi (79) (2 9) (79) 
° 512 567 238 146 295 267 3.3 I I —_— I 4 2 
I 51 65 (with o) 38 31 3, 6 3 4 = 2 2-9 
2 87 74 10 15 44 48 37 — — (with) e «3 
3 88 84 6 28 38 8661 4,5 I 3 2 I 4 5 
4 119 117 31 41 81 74 46 4 4 _- — 4 § 
5 65 65 7a 48 42 2 = I (with 4) 3 6 
6 45 78 17 8 60 62 5, 6 i: = —_ ae = se 
7 8 10 (with o) 26 22 5,7 2 I (with 5) I 3 
I, 2 2— (with 2) — I 6, 7 I I (with 6) 1— 
I, 3 3 4 (with 3) —_-_ — 1, 2,7 —_- — (with 2) 1 — 
1,4 5 5 (with 4) 7 § G45 = I a = = 
‘5 6 7 (with 5) _ 5 1, 4, 6 — I 
1,6 4 7 (with 6) | 6 i, 3,6 I - — — 
1,7 — I (with o) 5 I 1, 5,7 ~- (with 5s) 1 — 
2,3 1 — _-_ — —_-_ — 1, 6,7 — (with 6) 1 — 
2,4 4 8 — 2 6 5 2, 3, 6 - — —_ _ —_ I 
2,5 2 5 1— 3 3 2,4,7 —_-_ — (with 2, 4) 1— 
2, 6 7 5 — 2 16 10 ¢. 9 1 — (with 3, 5) —_-_ — 
2,7 2-— (with 2) 5 I 1027 1118 312 274 708 676 
3,4 | — I 2 2 Total 2145* 586 1384 





* Class (a) from X-XXP4 segregation. Other classes: (b) 40 XXY females not equational 
(2 XXY females in control); (c) X®/X crossovers included in (a) and (b); (d) X4/X crossovers 
none. 

Quota of chromatids used in determining percent of crossing over: 2145 from males and fe- 
males of class (a), 80 represented by class (b). 
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chromosome to be described, namely, containing y*, while the second 
entry is of the complementary class beginning with y. Numbering of 
regions follows the scheme: y*(y)1 ec 2 cv 3 ct 40 5 5 6 f(B) 7 car 8 bb(bb') 
illustrated in figure 1 e. The tester male used in test crosses known as yX9g 
(y ec cv cf’ v s* car f bb') carries a marker for every region. 

Although in the actual experiments females and males were classified 
and totalled separately they have been combined in the following tables 
since careful inspection showed close agreement throughout. The duplica- 
tion classes include only females, and since their viability is erratic, 
complementary crossovers may differ widely in value; they were not used 
in determining percent of crossing over. 


TABLE 7 
Experiment 5. Offspring of Dp(1;f)/y* cv vf/y ec ct’ s car 2 by f B &, and from 
XXY daughters by f BS. 











XXxXpPd xX XXY XXxXPd xX XXY 
TYPE NON-Dp CONTROL TYPE NoNn-Dp CONTROL 
(ae) (ao) (7H) (Ac) 

° 386 379 129 73 430 304 3,4 = — a, = 
I 44 31 II 12 23-38 3,5 : > = = 6 5 
2 63 49 9 Ss 72 «56 3, 6 3 2 = : S 
3 53 78 12 II 49 56 3,7 ee = I 4 2 
4 105 698 25 30 II4 104 4,5 a ;. — 3 6 
5 50 634 23 8 65 61 4, 6 3 I 2- Co Co) 
6 33 36 19 = «16 53 63 4,7 a 6 1 : © 
7 8 5 6 7 29 «2 5, 6 -_ = - 1 - — 
2,3 _ —_— —_— —_— —_— I a — I I — — 2 
1,3 I _ _-_ — I —_— 6,7 — — - — — —_ 
1,4 e 2 3 2 Ss € BSF = = = x 
a 5 2 I _— 4 2 1, 4,5 - - - — _ I 
1, 6 5 4 ‘ 3 5 9 2,4,6 m = — 
| I 2 2 I 2 3 3, 4,6 _ — - - — l 
2,4 5 3 3 I 6 4 4,5,7 = : = = 
2,5 2 2 4 - 12 7 

2, 6 4 2 3 OI 8 12 784 734 278 178 907 794 
2,7 — — I 2 2 1 Total 1518* 456 1701 





* Class (a) from X-XXP4 segregation. Other classes: (b) 80 XXY females (1 XXY female in 
control); (c) X?/X crossovers included in (a) and (b); (d) X4/X crossovers none; (e) 1 matro- 
clinous female. From XXY mothers there were 26 matroclinous females and 28 patroclinous 
males. 

Quota of chromatids used in determining percent of crossing over: 1518 from males of class (a), 
8> represented by class (b); 1 represented by class (e). 
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TABLE 8 
Experiment 7. Offspring of Dp(1;f)/y? cv v B bb/y ec ct®s car 9 by yXQ oe. 





TYPE se CONTROL TYPE MOP conror TYPE — CONTROI 
(ee) (2 ?) (2?) , 
° 1054 1653 206 285 2,7 s 9 6 I 1, 4,6 - I 
165 100 26 26 2,8 I 2 2 1,7,8 3 

2 229 170 32 39 3,4 e 3 I I 2, 3,6 I 

3 314 223 46 31 355 : *# a 2, 4, 6 I I > 

4 399 299 77 +67 3,6 tt 25 ¥ 8 2,5,8 — - — I 

5 154 107 56 30 3,7 cS Fee : = 

6 186 113 68 58 3,8 — _ 5 3) 4,5 — — a 2 

7 17 16 3° «19 4,5 2 2 2 3 3, 4,6 a = 

8 20 ~«2#«10 23 9 4,6 9 17 s 6 3.4.9 2 I — = 
‘2 I — 4,7 2 I Se s $4.9 —_— — I — 
3,8 2 I —_ — 4,8 — @ 2 6 3, 6,8 : = - — 
1,4 I2 12 o 3 5,6 —_ — 3,9,0 — - r= 
1,5 3 9 _ 2 5,7 =< I I 4, 5,6 — I —_-_ — 
1,6 7 25 33. 85 =— 2 wT ae _ i 
1,7 3 2 ae eee ee A 
1,8 — 3 f 6,8 oe 2 7 1,4,5,8 = I ca 
2,4 4 15 2 8 7,8 — 2 _ — 2627 2863 637 670 
2,5 ‘ ww e § t2 —_— 1 — Total 5490 1307 
2,6 7 24 zr ar 12,3,8 —_- — I — (oo =6278) (1484) 


Total 


11'768* 





* Class (a) from X-XXP4 segregation. Other classes: (b) 190 XXY females not equational, 
105 (tested) of these not reciprocal X/X crossovers (no XXY females in control); (c) XP/X cross- 
overs, from X-eggs, 5 apparent 7, 8 X/X crossovers, 3 of them also X/X crossovers at 1 (in- 
cluded in (a), (see table 2); XP/X crossovers from XX-eggs included in (b); (d) X¢/X crossovers, 
5 not-y non-Dp flies (2 females and 3 males) equally divided between complementary classes, 
and 1 Dp female carrying a y? (or y) fragment from X4/X crossing over (see table 2). 

Quota of chromatids used in determining percent of crossing over: 5490 from females of class 
(a), 190 of class (b) and 2 of class (d). 
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TABLE 9 


Offspring in lines of Dp(1;1)100. Experiment 1..Dp(1;1), y* cv f/y ec cf’ s car 2 by 
yXoQ o. Experiment 10a. Dp(1;1), y* cv rv f/y ec cf’ s car/Y 9 by yf B bb! &. 














XXXPd XX XXXMY XXXPd XX XXXPy 

TYPE NON-Dp Dp CONTROL NON-Dp TYPE NON-Dp Dp CONTROL NON-Dp 
(7) (99) (AO) (HAH) (72) (22) (79) (AH) 
© 3279 1447 882 731 626 4,6 18 3 24 20 5 
I 253 (with o) 96 71 59 4,7 3 I 13 16 _— 
2 414 152 IIo 109 74 4,8 3. (with 4, 7) (with 4) I 
3 452 190 114 133 77 5,6 = = 2 I = 
4 720 260 228 225 126 % — I 9 5 I 
5 346 120 162 144 53 5,8 1 (with 5) (with 5) _ 
6 273 66 180 190 76 6,7 —_ — I 3 _ 
7 44 9 80 80 13 6,8 1 (with 6, 7) (with 6) — 
8 18 (with 7) (with o) 3 I, 2,6 1 (with 2, 6) —_-_ — —_ 
I 2 — . (with 2) _ I — I, 2,7 — (with 2, 7) r—- _ 
¥,3 1 (with 3) 2— I Oe — (with 4, 5) | — 
1,4 6 (with 4) 12 13 2 1,4,6 1 (with 4, 6) I — — 
1,5 12. (with 5) 10 7 4 1,5)7 1 (with 5, 7) 2— — 
1,6 9 (with 6) II 20 5 1,6,8 1 (with 6, 7) (with1,6) — 
3 1 (with 7) 9 4 _— 2,3,7 — _ — I _— 
1,8 1 (with 7) (with 1) 2,4,5 _— _ 1— — 
2,3 —_ —_ I —_ _ 2,4,6 _— I I — _— 
2,4 8 2 16 15 3 2,4,7 I —_ — 4 _ 
2,5 § 4 s «24 2 255.9 — — — 2 — 
2,6 12 I 32 31 4 3,4, —_ — I oe a 
2,7 6 2 15 12 2 3.4.79 _ — I I _ 
2,8 4 (with 2,7) (with 2) — 35,6 _ — _ I —_ 
3,4 5 3 3 2 6 3,6,7 = — — = 
£5 12 5 20 9 2 4,557 — I 2 I _ 
3 6 6 I 16 14 4 4,6,7 —_— —_ I— — 
33 5 2 13. 10 — 2,5,7,8 I “= (with 2,5,7) — 

‘ 2 (with 3,7) (with 3) 2090 1898 
. 6 2 12 8 — Total 5936* 2273 3988 1149T 





table ro. 








* Exp. 1, class (a) from X-XX"4 segregation. Other classes: (b) 9 XXX>“Y females not equa- 
tional (3 XXY females in control); (c) one y? XP/X crossover involving the free X (not tested), 
presumably an XX female, not equational (homozygosis for y? was not detectable); (d) X4/X 
crossovers none. 

Quota of chromatids used in determining percents of crossing over: 5936 from males and fe- 
males of class (a), 18 represented by class (b), 2 by class (c). Quota of control, 3988 males and 
females of class (a), 12 represented by class (b). 

t+ Exp. roa, class (a) from XY-XXP4 or X-XXY segregation. Other classes described in 


Quota of chromatids used in determining percents of crossing over: 1149 from males of class 
(a) and (see table 10) 323 represented by class (b), 2 by diagonals of class (c) and 2 by crossovers 
with the free X of class (c). 
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TABLE 10 

Experiment 9. Offspring of Dp(1;f)/y? cv o f bb! /y ec cf s car bb’ by y? B bb! ye g. 

Experiment od. Offspring of Dp(1;f)/y ec cf s? car bb/y ec cf® s* car bb 9 by y® B bb! (ye?) go. 

Experiment 1d. Offspring of Dp(1;1), y? cov f/yw Q by ycvx Boe. 

Experiment rob. Offspring of Dp(1;1), y?cvvf/yw/Y 9 or Dp(1, 1), ywevvf/y?/Y 9 by y?cvv B of and analysis 
of flies from two-X eggs in these experiments, in experiment 5a (including those from experiment 5, table 7, and addi- 
tional matings) and in experiment roa (table 9). For example, opposite (b), 20:1, 4 is the record of two tested females, 
of class (b), whose X’s were one non-crossover and one double crossover in regions 1 and 4; [x ] =o:5 is the record of 
one not tested female, of class (b), whose X’s were rated from the phenotype as one non-crossover and one crossover in 














region 5. 
CROSSOVER CONSTITUTION OF X’s (NUMBERS OF 
OBSERVED ZYGOTES FLIES NOT TESTED IN BRACKETS) 
PARENT 9 XXxPd XxX xpd xxxPly XxXxpPd xxxPly 
EXP. 9 od 1d rob 9 5a 1ob 10a 
Not XP/X crossovers 
(a) X- or XY-eggs 
non-Dp 9 9 15 IOIQ) 3149 4444 
non-Dp a'@* 10476 1049 3058 4134 3084 1149 
(b) XX-eggs 504 26 [s70] =0:0 [29] =0:0 
23 =0:0 102 =0:0 
[1 ]=o:5 I =o:1 
2 =0:1,4 
ori:4 
[1 ]?=0:7 
I =1:1 
I =2:2 
I =4:4 
XXXP4_eggs 12 958 [8co] =o:0 [206] =o:0 
come 152 =0:0 31 =0:0 
2 =o:10r2 
3 =0:30r4 


I =10Fr 2:1 
or2 
O-eggs 16 
Y-eggs by 
X-sperm 1046 323 
XX-sperm 2 pat. 9 9 
(c) X?/X crossovers included in 
(a) and (b) 
X-eggs 4 To 
XX-eggs II 2 [rr ]=o:0 


XP/X c.o. with at- 
tached X (diagonal) 
XX-eggs ° 2 I =0:0 I =074 
ind I =o:1 or2 

X?/X c.o. with free X 


XX-eggs 2° 2 [2] =o:3 or 4 I =0:0 
I= 
(d) xd/x crossovers Id’ ° ° ° ° 
(e) XXXPteggs I I 
(f) XX-eggs, equational I I {a }? I =0:5 [r ]? or =0:7 
(tested) (see above) 





* Tested not X/X crossovers. 
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INTRODUCTION 


OPULATIONS of Drosophila pseudoobscura inhabiting isolated 

mountain forests in the Death Valley region are highly variable with 
respect to gene arrangement as well as to gene content of the chromosomes. 
The first article of the present series (DoBZHANSKY and QUEAL 1938) 
dealt with the variability of the gene arrangement; the results of obser- 
vations on the genic variation are to be reported here. The source of 
the material and the collecting methods have been described in the pub- 
lication just quoted and need not be repeated, since the same samples of 
flies were used in both studies. Our experiments on the genic variation are 
confined to the third chromosome, although the species has five chromo- 
some pairs. The reasons for this choice are purely technical: presence in 
the third chromosome of favorable gene markers associated with inver- 
sions facilitates the experimentation. Our results are essentially similar 
to those recently published by StuRTEVANT (1937) and may be regarded 
as an extension of the latter. We are indebted to Messrs. EDwARD HELD 
and G. T. RupDKIN who have shared with us the routine work involved 
in conducting the experiments described in this article. 


DETECTION OF THE CONCEALED GENIC VARIABILITY 


The samples of flies collected in the mountain forests of the Death 
Valley region appeared externally homogeneous. Of course, some indi- 
viduals in these samples were larger and others smaller than the average, 
but such differences, whenever tested, were not inherited. They are due, 
presumably, to variations in the food supply of the larvae in the natural 
habitats. The apparent homogeneity of the samples does not prove how- 
ever that the flies composing them are yenetically identical. They may 
carry concealed recessive mutant genes. As pointed out by TSCHETWERI- 
KOFF (1926), and by many others since then, special genetic methods 
are necessary for the detection of such concealed variability. The method 
which we used is as follows (fig. 1). 

Each male collected outdoors (we shall call such males “wild males” 
and their chromosomes “wild chromosomes”) was crossed to two or three 
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females homozygous for the third-chromosome recessives orange (or) and 
purple (pr), eye colors. If the number of wild males from a given locality 
was smaller than the sample desired, single sons of fertilized females 
caught in the same locality were also used. If any of the wild males is 
heterozygous for either or or pr, approximately one half of the offspring 
in the F; generation will manifest the effects of these mutant genes (table 
4). For the detection of recessives other than or and pr the analysis must 
be carried two generations further. 

Since every wild male has two third chromosomes, the F; generation 
consists of two indistinguishable (except where the wild male is hetero- 
zygous for or or pr) classes of individuals carrying one or the other of the 
wild third chromosomes. A single male from each F; culture was crossed 
to females having or, Blade (B/), Scute (Sc), and pr in one third chromo- 
some, and the “Cuernavaca” inversion in the other (fig. 1). Such females 
are phenotypically Blade (narrow wing) and Scute (some bristles absent); 
the inversion eliminates crossing over between the two chromosomes. In 
the next generation from the above cross three classes appear: wild type, 
Bl Sc, and or Bl Sc pr. The Bl Sc flies carry one wild third chromosome 
and one chromosome with the genes or, Bl, Sc, and pr; every Bl Sc fly 
in each culture carries the division products of the same wild chromosome 
present in the wild male. 

Two or three virgin Bl Sc females were selected from each culture and 
crossed to four or five B/ Sc brothers. Three main classes of individuals 
are expected in the offspring (fig. 1). Individuals homozygous for the 
or Bl Sc pr chromosome are inviable because the gene B/ has a recessive 
lethal effect. Another class, or Bl Sc pr/wild, survives and shows Bi and 
Sc in the phenotype. The third class consists of flies homozygous for a 
wild third chromosome derived from the wild male ancestor; this class is 
most interesting to us. If the wild chromosome in question carries no 
mutant genes, this class is wild type in appearance; if the wild chromo- 
some has a recessive mutant gene, or genes, producing visible external 
effects, the flies must be correspondingly modified; if, finally, the chromo- 
some carries a recessive lethal, or lethals, no adult flies of this class can 
appear. In general, the non-B/ non-Sc flies must manifest the effects of 
any genetic factors that were present in the original wild chromosome. 

The method just outlined for the detection of concealed genic varia- 
bility is complicated by the fact that some crossing over may take place 
between the or Bl Sc pr and the wild chromosomes in the females. The 
possible crossover chromosomes are or, Bl Sc pr, or Bl, Sc pr, or Bl Sc, 
pr, Bl Sc, or pr, and others. It is easy to see that the eggs carrying these 
crossover chromosomes, fertilized by the or Bl Sc pr and wild type sperma- 
tozoa, will produce B/ Sc, wild type, or Bl Sc, Bl Sc pr, Bl, Sc, and or Bl 
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Sc pr individuals. Some of these individuals are homozygous for parts of 
the original wild chromosome, and hence may be normal, modified, or 
inviable, depending upon the genic contents of the respective parts of the 
wild chromosome. The difficulty is, fortunately, somewhat mitigated by 
the fact that the third chromosomes of the populations inhabiting the 
Death Valley region are variable in the gene arrangement. Three gene 
arrangements, known as “Standard,” “Arrowhead,” and “Chiricahua” are 
commonly found (DoBzHANSsKy and STURTEVANT 1938, DoBzHANSKY and 
QUEAL 1938). Since the or Bl Sc pr chromosome has the Standard gene 
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FIGURE 1.—A scheme of the experimental procedure used to obtain individuals homozygous 
for third chromosomes encountered in wild populations. The wild chromosomes are shown in 
black, those of laboratory strains in white. 


arrangement, crossing over in the or B/ Sc pr/wild females can occur freely 
only if the wild chromosome also has the Standard arrangement. The 
frequency of crossing over in the Arrowhead/Standard and Chiricahua/ 
Standard heterozygotes is so low that very few crossover individuals 
appear in the cultures. Furthermore, even if the wild chromosome has the 
Standard gene arrangement, the presence of lethals and other changes can 
be detected. Thus, if the wild chromosome of an or Bil Sc pr/wild female 
carries a lethal in the vicinity of the Bl locus, few or no non-Blade off- 
spring are produced. With a lethal in the left end of the chromosome, for 
example in the vicinity of or, some Blade non-Scute but no Scute non- 
Blade individuals appear in the offspring, and if the lethal is located in 
the vicinity of pr the Blade non-Scute class is small or absent while 
the Scute non-Blade flies survive. 
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As a whole, the method is undeniably less rigorous when applied to 
Standard chromosomes than to those with other gene arrangements, but 
at least the detection of lethals is accurate irrespective of the gene se- 
quence. In the following presentation the Standard wild chromosomes are 
treated separately from the Arrowhead and Chiricahua ones. One must 
also note that, since the detection of lethals is based on the absence of 
certain classes (chiefly the wild type class) in the offspring of the or Bl Sc 
pr/wild by or Bl Sc pr/wild crosses, the method does not discriminate 
between chromosomes having a single lethal and more than one lethal. 


LETHALS 


A total of 849 wild third chromosomes (142 of them having the Standard 
gene arrangement) have been tested for the presence of lethals. These 
849 chromosomes have come from ten samples from as many different 
localities (table 1). The average frequency of chromosomes carrying 
lethals proves to be 11.9+0.75 percent. This figure may be compared to 
that obtained by StuRTEVANT (1937) for the third chromosomes of D. 
pseudoobscura coming from localities scattered widely over the distribu- 
tion area of the species. STURTEVANT’S figure is 19.25+1.95 percent, which 


TABLE 1 


Frequency of third chromosomes carrying lethals (in percent). 
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is significantly higher than ours. The explanation of this difference is not 
clear, although one may note that most of the material studied by SturTE- 
VANT came from regions that are more densely populated with D. pseudo- 
obscura than the Death Valley region. In small populations the rate of 
elimination of lethals is expected to be greater than in large ones. Dust- 
NIN and his collaborators have analyzed 3924 wild second chromosomes of 
Caucasian populations of D. melanogaster and found that 10.45+0.30 
percent of them carry lethals. This figure compares favorably with ours, 
but it must be kept in mind that the second chromosome of D. melano- 
gaster composes a greater portion of the karyotype of that species than 
the third chromosome of D. pseudoobscura. On the assumption that the 
mutability per unit of the chromosome length is equal in both species, 
DvuBININ’s figure indicates a smaller accumulation of lethals in D. melano- 
gaster than in D. pseudoobscura. 

Chromosomes with the Standard gene arrangement have fewer lethals 
than Arrowhead and Chiricahua chromosomes (7.0+1.44 percent and 
12.9+0.85 percent, table 1). This difference is even more significant than 
it appears to be since some semilethals are probably included among 
lethals in the data for the Standard and not for other chromosomes (see 
below). Among the separate localities, some appear to have a higher 
concentration of lethals in the fly population than others (compare Lida 
and Coso with Panamint and Awavaz, table 1). No population, however, 
has been found to be free of lethals, and the figures for separate localities 
have probable errors so high that the significance of the differences is 
open to doubt. 


SEMILETHALS 


As stated above, inbreeding of the or Bl Sc pr/wild flies is expected to 
produce Bi Sc and wild type offspring in the ratio 2:1 (66.7 percent and 
33-3 percent). Evidently, this expectation can be realized only if the 
viabilities of the individuals homozygous for the wild chromosomes and 
of the or Bl Sc pr/wild individuals are equal (fig. 1). This need not neces- 
sarily be true in practice. If the wild chromosome contains recessive or 
semi-dominant genes that cause a deterioration of the viability of the 
homozygote, the frequency of the wild type class will fall somewhere 
between o percent and 33.3 percent; presence of genes improving via- 
bility would, on the contrary, increase the frequency of the wild type class 
above 33.3 percent. The proportion of wild type flies appearing in the 
offspring of a given cross may serve, then, as a measure of the effects of 
the wild chromosome involved on the viability. Theoretically, the most 
serious limitation of this method is that the viability of each homozygote 
is compared not with that of a common standard type but with that of 
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the heterozygote for the or Bl Sc pr and the same wild chromosome. Since, 
however, the viability genes encountered in wild populations appear to be 
recessive this limitation is unimportant. Another limitation is due to the 
fact that the relative viabilities of two genetic types need not be the 
same under all possible environmental conditions; our experiments give us 
information on the viability merely under the conditions in which they 
are carried out. Finally, one could imagine that chromosomes other than 
the third (which is the only one which is being followed) contain genes 
that produce specific interactions with the third chromosome genes; this 
possibility is rather remote, and moreover the repetition of the test crosses 
in the following generation gives rather consistent results (see below). 

The frequency of each class of flies appearing in the offspring of the 
or BI Sc pr/wild by or Bl Sc pr/wild cultures was determined. Five counts 
were made in every culture, the first being made two or three days after 
the adult flies began to emerge, and the following ones at three day inter- 
vals thereafter. The records for the 849 cultures are far too bulky to be 
published, but one may note that the total numbers of the flies per culture 
fall mostly between 200 and 300, and only very rarely below too. The 
number of the non-Blade (mostly wild type) flies was expressed in percent 
of the total number of flies in the culture. As stated above, the frequency 
of wild type flies may serve as a measure of the viability of the type homo- 
zygous for a given wild third chromosome. A summary of the data is 
presented in the form of variation series in table 2. This table shows, 
consequently, the number of cultures in which a given percentage (from 
© percent to 50 percent) of wild type flies was observed.! 

The frequencies of the wild type (or non-Blade) flies in different cultures 
range from o to almost 50 percent. The distribution curve (graphically 
represented for the non-Standard chromosomes in fig. 2) has an interesting 
shape. The zero class, including the lethals, has a frequency of 13 percent 
(see above). Classes above zero but below 14 percent are represented by 

1 The following convention was adopted in computing the values to be entered in table 2. 
If the non-Blade flies composed more than 15 percent of the total, their frequency was entered 
directly. If they amounted to less than 15 percent, indicating that the culture in question carries 
a lethal or a semilethal, their origin was examined further. With a lethal lying in the chromcsome 
far from the locus of B/, some non-B flies appear as a result of crossing over; the non-Bl flies, 
however, may also represent the surviving homozygotes for a third chromosome carrying a semi- 
lethal. In the former case the wild types are vigorous and normal in appearance, in the latter they 
usually are weak and abnormal. The non-B/ crossovers were disregarded and the surviving homo- 
zygotes counted. In case of doubt further tests were made by breeding the presumed crossovers 
and examining other crossovers appearing in the same culture. In cultures where the wild chromo- 
some has a gene arrangement other than Standard such tests yield conclusive results, but where 
Standard is involved the surviving semilethal homozygotes are easily confused with the numer- 
ous crossovers. This consideration probably explains the fact that no semilethals in Standard 


chromosomes are recorded in table 2. If they were present in the material, they are included 
among the complete lethals (class 0). 
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26 cultures, or 3.7 percent of the total. These may be called the semi- 
lethals. Classes from 14 percent to 18 percent are not represented, and 
those from 18 percent to 50 percent form an apparently regular probability 
distribution with a mode in the 32 percent to 34 percent class, that is, 
around the theoretically expected value of 33.3 percent. 

The distinction between the lethals and the semilethals as classes is 
not a sharp one. Chromosomes that in one generation produce a few 
surviving homozygotes, and are therefore classed as semilethals, may 
in another test produce none, or vice versa. This is a common experience 
in Drosophila genetics, particularly in mutation studies. Among the 849 
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FIGURE 2.—The percent of wild type flies obtained in cultures in which these flies are homozy- 
gous (solid line) and heterozygous (dotted line) for individual third chromosomes encountered in 
wild populations. Horizontal axis— percents of wild type flies; vertical axis—percents of cultures 
in which a given frequency of wild type flies has been observed. Further explanation in text. 


chromosomes tested, 127, or 15 percent, carry lethals or semilethals. 
Therefore, only 72.25 percent of flies in natural populations may be ex- 
pected to be free of lethals, 25.50 percent to carry a lethal in one third 
chromosome, and 2.25 percent a lethal in both third chromosomes. The 
last class survives provided the two lethals are not alleles, which is fre- 
quently the case. 
MINOR VARIATIONS IN THE VIABILITY 

The part of the curve extending from 18 percent to 50 percent resembles 
a probability distribution (table 2, fig. 2). The variation within these 
limits may be due either to chance deviations from the expected value of 
33-3 percent, or to presence of genetic factors causing minor deviations 
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from the “normal” viability, or to both. It is important to discriminate 
among these possibilities. If the frequency of the wild type class is deter- 
mined by counting 200 flies, the probable error of the expected frequency, 
33.3 percent is + 2.25 percent. Since the average number of flies per cul- 
ture in our experiments was greater than 200 (see above), the observed 
variance of the curve is too large to be accounted for by sampling errors 
only. This fact alone makes it probable that genetic modifiers of the via- 
bility are involved, the more so since values between 18 percent and 26 
percent and between 4o percent and 50 percent are not uncommonly 
obtained in cultures producing more than 200 flies. Further experiments 
were made to test the validity of this inference. 

Up to this point we have discussed the results of the intercrosses of the 
or Bl Sc pr/wild individuals obtained in the offspring of the or pr/wild 
by or Bl Sc pr/Cuernavaca crosses (fig. 1). It may be noted that, disre- 
garding the occurrence of crossing over, the Bl Sc individuals appearing 
in the last generation represented in figure 1 are identical in genetic 
constitution with their B/ Sc parents (that is, the constitution is or Bl Sc 
pr/wild). If we intercross them, the offspring is expected to consist again 
of 33.3 percent wild type and 66.7 percent of Bi Sc individuals. If, how- 
ever, the wild chromosome involved in a given experimental culture 
carries genes decreasing or increasing the viability of the homozygotes 
compared to the average, the same deviations from the expected values 
may occur in both generations in each line. In other words, the presence 
of genes modifying the viability will manifest itself in a positive correla- 
tion between the frequencies of the wild type individuals obtained in the 
succeeding generations. Contrariwise, if the probability distribution 
shown in figure 2 is due to environmental variations or to sampling errors, 
there will be no correlation between these frequencies. 

The amount of labor involved in raising one more generation for every 
one of the 849 chromosome-lines studied seemed to be prohibitive. As a 
compromise, the samples from Coso, Panamint, and Charleston moun- 
tains were selected and the experiment made with them. Moreover, since 
the Standard wild chromosomes are likely to be broken up by crossing 
over in the first generation, they were disregarded, and only the Arrow- 
head and Chiricahua chromosomes were used. The distinction between 
the Standard chromosomes and others is, of course, clear from the ratios 
observed in the first generation, since the former produce many more 
crossovers than the latter. The results may be represented best in the 
form of correlation tables in which the frequencies of the wild type 
(non-Bl) individuals obtained in the first generation (that is, the last 
generation shown in fig. 1) are indicated on one axis and the frequencies 
of the same class of individuals in the second generation on the other axis. 
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Figure 3 is such a correlation table for the combined data for the samples 
from the three localities mentioned above. 

The two upper and lower left quadrants into which the correlation 
table shown in figure 3 is divided are indicative of the variable effects of 
some of the lethals and semilethals. Thus, one may see that one of the 
strains which in the first generation produced no wild type individuals, 
and hence was classed as containing a lethal, has produced between ten 
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FicurE 3.—Percent of wild type flies produced in a given line in two 
subsequent generations. Further explanation in text. 


and twelve percent of wild types in the second generation, passing over 
into the semilethal class. Conversely, three of the strains behaved as 
lethal bearing in the second but not in the first generation. 

Most important for our purposes is, however, the lower right quadrant 
of figure 3, containing the records for the strains that have produced 
more than 18 percent of wild type individuals in both generations. This 
quadrant may be treated as an independent correlation table, and com- 
puting the numerical value of the correlation coefficient according to the 
Bravais formula we obtain r= +0.379+0.062, that is, a distinct positive 
correlation. The table shown in figure 3 contains, as stated above, the 
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combined data for the Coso, Panamint and Charleston samples. Taking 
the samples separately, the correlation coefficients are r=+0.220+0.11 
for Coso, +0.517+0.094 for Panamint and +0.451+0.101 for Charleston. 
Except in the Coso sample, the positive correlation is undoubtedly sig- 
nificant. It follows that the variations of the frequencies of the wild type 
individuals in our experiments are in part due to genetic causes, and con- 
sequently, in natural populations, the third chromosomes may contain 
not only lethals and semilethals but also genes producing relatively minor 
viability effects. 

The question that immediately presents itself is how frequent are 
chromosomes carrying such minor viability changes? In attempting to 
answer this question a difficulty is encountered. A “change” logically 
presupposes a standard of comparison; in treating of viability changes an 
implied assumption is made that the viability of the experimental strain 
is compared with that of a strain endowed with a certain “normal” 
viability. But what is the normal viability of Drosophila pseudoobscura? 
That of the Blade Scute flies is not necessarily normal, since these flies 
carry the two dominant mutant genes just named, and the mutants 
frequently reduce the viability of their carriers. Evidently, the normal 
viability must be looked for elsewhere. 


THE “NORMAL” VIABILITY 


Our experiments were designed to produce flies homozygous for indi- 
vidual third chromosomes present in wild populations. Herein lies an 
important difference between the wild type flies obtained in the experi- 
mental cultures and the wild flies living outdoors. Certainly, individuals 
homozygous for the descendants of a given chromosome may occasionally 
be produced in nature as well as in experiments, but, except in very 
small and highly inbred populations, such individuals are probably not 
very common in natural habitats. Provided many chromosome types 
differing in gene content are present in a population, and provided inter- 
breeding of members of different families takes place, most wild flies 
ought to be heterozygous for unlike chromosomes of each kind. The 
viability of such individuals may, then, serve as a fair standard of com- 
parison. It is easy to produce such individuals experimentally. 

Instead of intercrossing the or Bl Sc pr/wild females and males coming 
from the same culture (fig. 1), one may make similar crosses using fe- 
males from one culture and males from another. Since in every culture the 
descendence of one particular third chromosome is perpetuated, the wild 
type individuals obtained in the offspring of such a cross will necessarily 
have two third chromosomes of different origin. To make the experimental 
conditions approach as nearly as possible the natural ones, the crosses 
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were made between different lines derived from the same locality. Thus, 
if our fly samples had come from inbred populations, the chance of 
obtaining homozygotes instead of heterozygotes would be equal to the 
chance of such a happening in nature. Moreover, in order to test the 
recessiveness of the lethals the experiment was subdivided into two parts: 
in one the flies were obtained free of lethals, and in the other flies were 
made heterozygous for two lethal-bearing chromosomes. 

In the offspring of both types of crosses a segregation in the ratio 
66.7 percent B/ Sc:33.3 percent wild type is expected, provided, of course, 
that the viability of the wild type is equal to that of the Bi Sc flies. (In 
order to avoid complications due to crossing over, chromosomes with the 
Standard gene arrangement were not used in these experiments.) The 
results are summarized in table 3. The proportion of wild types varied in 


TABLE 3 
Viability of types heterozygous fcr two different third chromosomes extracted from wild populations. 
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different cultures from 25.8 percent to 49.2 percent, the mode falling in 
the 34 percent to 36 percent class. The distribution curve is represented 
in figure 2. 

The curve for the heterozygotes, although broadly overlapping that for 
the homozygotes, is displaced toward the right (fig. 2). Hence, the average 
viability of the types homozygous for third chromosomes found in wild 
populations is lower than that of the presumed heterozygotes. The mean 
frequencies of the wild types for heterozygotes and homozygotes are 
35.52+0.20 percent and 32.58+0.12 percent respectively. In computing 
these figures only Arrowhead and Chiricahua chromosomes were used, 
and the parts of the distribution involving the lethals and semilethals 
(table 2, fig. 2) were disregarded. 

An analysis of these figures leads to interesting conclusions. The fre- 
quency of the wild type class in the cultures where this class is, by defini- 
tion, endowed with “normal” viability is 35.52+0.20 percent, that is, sig- 
nificantly higher than the theoretically expected frequency of 33.33 percent. 
The origin of this discrepancy is clear enough. In these cultures the “nor- 
mal” viability of the wild-types is measured against that of the B/ Sc class, 
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hence the discrepancy is due to adverse effects on the viability of the two 
dominant genes, B/ and Sc. On the other hand, in the cultures in which 
the wild type flies are homozygous for the wild third chromosomes the 
average frequency of these flies is 32.58 +0.12 percent, that is, just signifi- 
cantly below 33.33 percent. It follows, then, that the average reduction 
of viability produced by homozygosis for wild third chromosomes is slightly 
greater than that caused by the simultaneous presence of the two mutant 
genes, Bl and Sc. Although these mutants are considered, as mutants go, 
fairly “good,” both of them produce, in heterozygous condition, rather 
drastic modifications of the appearance of the fly, and would hardly be 
expected to persist in the natural state. 

The conclusion follows that, aside from the wild third chromosomes 
carrying lethals and semilethals, a considerable proportion of these 
chromosomes contains recessive genetic factors that decrease the viability 
to a greater or lesser extent, the average being comparable to the com- 
bined effects of B/ and Sc. How great is the proportion of such chromo- 
somes in the populations studied can be answered only as a rough approxi- 
mation. The difficulty is that the chromosomes carrying deleterious genes 
do not form a clearly delimited group but overlap the “normal viability” 
distribution. To arrive at some estimate, we may use the correlation table 
shown in figure 3, which contains data for 188 chromosomes which in two . 
generations have given more than 18 percent of wild type flies in the cul- 
tures, and consequently are free from lethals and semilethals. Among 
these, 82 chromosomes have given in both generations less than 34 per- 
cent of wild type flies, which may be taken as evidence of the reduction 
of the viability of the homozygotes. Although some of the lines might have 
twice produced low ratios due to chance alone, there must be others with 
a real reduction of the viability that in one or the other generation have 
also by chance given a normal ratio. Since the total number of the chromo- 
somes is 211 (fig. 3), the 82 form 38.9 percent of the total. This is the ap- 
proximation sought for. 

An examination of table 2 and of figures 2 and 3 shows furthermore that 
in some cultures the frequency of wild types is above 4o percent of the 
total. This suggests that some wild chromosomes are not only free of dele- 
terious recessives, but even carry genetic factors improving the viability 
of the fly above the average for either homozygotes or heterozygotes, at 
least under the environmental conditions prevalent in our experiments. 
In figure 3 we find that 4 cultures among 211 gave more than 4o percent 
of wild types in two generations, which suggests that about 1.9 percent 
of wild third chromosomes carry favorable viability genes. We may 
emphasize again that we have no illusions as to the accuracy of these 
estimates, although we are inclined to regard them as minimum ones. 
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Our experiments were planned to detect concealed recessive viability 
factors present in wild populations. Since recessiveness and dominance 
are relative one may inquire whether the factors detected are completely 
or only partly recessive. This question is least difficult to decide where 
lethals are involved. As mentioned above, the experiment with the 
heterozygotes for two different wild chromosomes was subdivided in two 
parts, in one of which the intercrossed B/ Sc flies were free of lethals in 
the third chromosome, and in the other both parents carried non-allelic 
lethals (table 3). Consequently, the wild types obtained in the first series 
carry no lethals, and the B/ Sc flies carry only Bl. In the second series the 
wild types are heterozygous for two lethals, and the Bi Sc flies for only 
one (disregarding B/). If the lethals are incompletely recessive, the propor- 
tion of wild types in the cultures of the first series should be higher than 
in the cultures of the second series. Computing the average frequency of 
wild types from the data presented in table 3, we obtain the figures 
36.18+0.31 percent and 34.72+0.23 percent for the first and second 
series respectively. The difference is 1.46+0.39 percent, which is statisti- 
cally significant. Taken at their face value, these data indicate, then, an 
incomplete recessivity of at least some lethals. This question needs further 
study; the intercrosses involving lethals were not done simultaneously 
with those free of lethals, hence the results obtained may be due simply to 
environmental variations over a period of two or three months. 


MODIFIERS OF THE DEVELOPMENT RATE 


As stated above (p. 469), five counts, spaced at three day intervals, 
were made in every culture containing the or Bl Sc pr/wild by or Bl Sc 
pr/wild crosses. The cultures were kept in an incubator at 24.5°C, the 
environment having been made as homogeneous as possible. In examining 
the records thus obtained we have made the following observation. In 
some cultures the proportion of the wild type flies in the first count was 
very much below the expected frequency of 33.3 percent, and sometimes 
no wild types at all were obtained; but in the later counts in the same cul- 
tures the frequency of wild types rose much above 33.3 percent. Other 
cultures produced an excess of wild types in the first count, followed by a 
deficiency in the later ones. It is especially common for the cultures con- 
taining semilethal third chromosomes to produce some wild type flies in 
late counts only. 

This observation suggested that some wild third chromosomes carry 
genetic factors which, in homozygous condition, produce either a slowing 
down or a speeding up of the development of the fly. Indeed, if the develop- 
ment rate of the homozygotes is low, a deficiency of wild types must be 
observed in early and an excess in late counts; if the wild type flies develop 
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faster than their Bl Sc sibs, an excess of the former must be observed in 
early counts and a deficiency in the late ones. 

To test this hypothesis the following procedure was applied. A devia- 
tion from the expected ratio of wild types in any count may be due 
either to chance or to a modification of the development rate; in the 
former case the observed deviation is just as likely to be followed in a 
later count by a deviation of the same or of the opposite sign. But if 
modifiers of the development rate are present, deficiencies of wild types 
in early counts must be followed by excesses in later ones, or vice versa. 
In other words, the presence of modifiers will manifest itself in a negative 
correlation between the proportions of the wild types observed in different 
counts. The problem becomes more involved due to the presence of 
viability modifiers in our material: the ratios of the wild types to Bl Sc 
observed in different counts in individual cultures are bound to show a 
positive correlation, which may conceal the negative one produced by the 
modifiers of the development rate. To eliminate this source of error, a 
correction must be introduced in the data. 

The observed percentages of the wild types in the first and in the third 
counts were computed for cultures carrying no lethals or semilethals 
giving less than 5 percent of wild types in total counts. The expected 
ratio of wild types, that is, 33.3 percent, was divided by the ratio of wild 
types observed in the total counts in a given culture; the figure thus 
obtained is the correction factor for the culture in question. The observed 
frequencies of the wild types in the first and the third counts were then 
multiplied by the correction factor, and the products entered into the 
correlation tables. The correlation coefficients for the samples studied are 
as follows: 


Panamint r=—o0.255+0.103 Sheep Range r= —0.385+0.100 
Kingston r=—0.467+0.104 Providence r=—o0.318+0.102 
Charleston r= —0.420+0.095 


All the correlation coefficients are negative. It may be noted that the 
correlation is determined between ratios observed in the first and the third 
counts only, the cultures that make the correlation negative are those in 
which the deficiency or excess of wild types observed in the first count has 
already been replaced by the opposite condition in the third count. Yet, 
some chromosomes slow down the development to such an extent that the 
wild types appear in greatest numbers only toward the end of the life of 
the culture, in the fourth or fifth counts. Such cultures weaken the nega- 
tive correlation observed instead of strengthening it. 

An independent evidence for the existence of modifiers of the develop- 
ment rate was secured by a different method. The samples from Panamint, 
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Charleston, and Coso mountains were tested in two generations (see above). 
It is evident that if genetic modifiers of the development rate occur, 
similar deviations from the expected ratios of wild types are to be expected 
in corresponding counts in both generations. Contrariwise, if the deviations 
are due to random sampling, the sign of the deviation in one generation 
will bear no relation to that in the next one. In other words, genetic 
modifiers must produce a positive correlation between the frequencies of 
the wild types in the corresponding counts in the two generations. These 
frequencies were computed for the corrected first and the third counts in 
the Panamint and Charleston samples. The correlation coefficients are as 
follows: 
First count Third count 
Panamint r=+0.31+0.122 r=+0.05+0.133 
Charleston r=+0.63+0.085 r=+0.42+0.113 


Except for the third counts in the Panamint sample, a positive correla- 
tion is undoubtedly present. The existence of recessive modifiers of the 
development rate is established. What proportion of the chromosomes 
in wild populations carry such modifiers cannot be estimated even ap- 
proximately from the data now available; one of us is planning to under- 
take special experiments to elucidate this question. For the time being 
one may note that cultures suggesting presence of these modifiers have 
been encountered in the populations of flies from every one of the ten 
localities studied. Flies homozygous for wild third chromosomes develop 
in some cultures slower and in others faster than their Bl Sc sibs. This 
shows that modifiers slowing down the development, as well as those 
speeding it up, are encountered in wild populations, although in looking 
over the data an impression is gained that retardations are decidedly 
more common than accelerations. In general, the chromosomes containing 
semilethals or genes reducing the viability mostly cause also retardations 
of the development. This rule is, however, by no means free of exceptions. 
Some semilethal homozygotes hatch early, and some slowly hatching 
types finally emerge in large numbers. The fast hatching types usually 
have a good viability, but at least one exception has been found. 


MUTATIONS PRODUCING VISIBLE EXTERNAL EFFECTS 

The genetic variability discussed so far concerns so-called physiologi- 
cal characters, vitality and development rate. Wild populations also 
carry some recessive mutants producing alterations of the external appear- 
ance of the fly. Of course, there is no sharp dividing line between 
“physiological” and “morphological” variations. Most of the flies homo- 
zygous for semilethals are small or otherwise abnormal in appearance, 
so that these semilethals might just as well be classed as “visibles.” 














GENETICS OF NATURAL POPULATIONS 479 


In our experiments wild males and single sons of wild females were 
crossed to females homozygous for the third chromosome recessive eye 
color genes orange and purple (fig. 1). In some cultures one half of the 
offspring showed one or the other of these mutant characters, proving 
that the father was heterozygous for it. Purple has been found in five 
chromosomes from three localities and orange in a single chromosome 
(table 4).? 

TABLE 4 
Occurrence of the mutants purple (pr) and orange (or) in wild populations. 








CHROMO- CHROMO 
LOCALITY SOMES pr or LOCALITY SOMES pr or 
TESTED TESTED 
Lida 132 — — Awavaz 52 I _ 
Coso 298 — — Kingston 246 _ I 
Cottonwood 244 — — Charleston 238 2 = 
Grapevine 144 — _— Sheep Range 242 — —_ 
Panamint 272 2 —_ Providence 274 _ _ 





In the critical generation of our series of crosses (the last generation 
shown in fig. 1) the non-Bi Sc flies in some cultures manifested various 
peculiarities, suggesting the presence in the wild third chromosomes of 
mutant genes with visible external effects. All suspected mutants were 
tested for inheritance. Nevertheless, we do not feel that our data on the 
frequency of the visibles are accurate. Aside from the fact that some mu- 
tants may have been overlooked (we do not claim to be good mutation 
finders), some cultures apparently contained genetic changes that mani- 
fest themselves only in a part of the flies carrying them. The progeny 
tests were not extensive enough, and some cultures were discarded if they 
failed to show the mutant character in one generation; a part of them 
might have contained real mutants. The number of chromosomes carrying 
undoubted mutants is shown in table 5. The semilethals that produce in 


2 Orange, purple, the second chromosome recessive cinnabar, and certain other mutants 
appear to be rather common in wild populations of D. pseudoobscura inhabiting the western part 
of the species area. In the experiments of Dr. A. H. SrurTEVANT and others in this laboratory, 
these mutants have appeared in the stock cultures of the following lines, mostly a few generations 
atter these lines were established from wild ancestors. Orange, Race A: Lake Okanagan-8, 9 
(British Columbia), Dunsmuir-4, Lassen-16, Banner-1o0 (California); Race B: Olympic-5, The 
Dalles-7 (Washington), Klamath-5, Sequoia Park-16, 17 (California). Purple, Race A: Chelan-3, 
7, 12 (Washington), Cinnabar; Race A: Dollar Lake-3 (California); Race B: Humboldt-s, 
Lassen-12, 17, 18, 20 (California). It has to be kept in mind that fewer cultures were examined 
from all these localities combined than from the Death Valley region alone, and that no special 
crosses for the detection of mutants were made. In more extensive material from the region east 
of the Sierra Nevada—Cascades Mountains orange was found only once (Santa Catalina-6, Ari- 
zona). 
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homozygous condition some external abnormalities are not included in 
this table. 
TABLE 5 


Number of wild third chromosomes carrying visibles. 








CHROMO- NUMBER CHROMO- NUMBER 
LOCALITY SOMES OF LOCALITY SOMES OF 
TESTED MUTANTS TESTED MUTANTS 
Lida 55 ° Awavaz 23 I 
Coso 124 3 Kingston IOI 7 
Cottonwood 93 3 Charleston 103 2 
Grapevine 56 I Sheep Range go 2 
Panamint 105 5 7 


Providence 99 





Among the 849 chromosomes tested, 30 chromosomes, or 3.5 percent, 
contained visibles. The salient characteristics of some of the mutants 
are described below. 

A weak allelomorph of purple. Found in five chromosomes from Kingston 
and in one chromosome from Awavaz mountains. Flies homozygous for 
this gene are similar to the wild type, the eye color being only very 
slightly purplish. The heterozygotes carrying weak purple in one chromo- 
some and purple and orange in the other have an eye color intermediate 
between that found in the homozygous purple and in wild type; in the 
males of this genetic constitution the testicular envelope is yellowish 
orange, instead of bright red as in wild type or transparent as in homo- 
zygous purple. Flies homozygous for orange and heterozgyous for purple 
and for weak purple have bright yellow eyes, instead of the bright red 
ones which appear in the absence of weak purple. Classification of weak 
purple is reliable only in flies homozygous for orange. The former may 
be described as a weak wild type allelomorph which is only incompletely 
dominant over the mutant purple. The occurrence of such an allelomorph 
in wild populations is of interest in connection with the general problem 
of the origin of dominance. Furthermore, it should be noted that 35 wild 
third chromosomes with the standard, and 66 chromosomes with other 
gene arrangements were analyzed in the sample from the Kingston Range, 
and that weak purple has been found five times in the former and not at 
all in the latter. Therefore, about one-seventh of the Standard chromo- 
somes in this locality carry weak purple. In all other samples studied by 
us weak purple has been encountered only once, namely in a Standard 
chromosome from Awavaz. It is virtually certain that the five Kingston 
chromosomes carrying weak purple are of a common origin, and hence 
this mutant is for some reason spreading in the population inhabiting this 
locality. Whether the single chromosome found in the Awavaz population 
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is derived from the same source as the Kingston findings is an open 
question. 

Short wings. The wing is about one fifth shorter than normal, the tip is 
somewhat rounded. Found four times in the sample from Frovidence 
mountains, and once in Coso. Three of the Providence mutants proved 
to be allelic to each other but not to the fourth. The Coso mutant has 
not been tested. Although the visible effects of these mutants are so 
slight that they may be easily overlooked, their triple occurrence in the 
Providence sample is suggestive. 

Dwarfish. Fly smaller than normal in size. This type of mutant is common 
in wild populations, but body size is so much influenced by environmental 
conditions that the classification is not accurate. Found once in each Cot- 
tonwood, Panamint, Sheep Range, and Providence, and twice on King- 
ston Range. Allelism not tested. Some of the semilethals appear also as 
dwarfs, but they are not included in the above count. 

Short or thin bristles. This is another common mutant type, which is even 
more easily overlooked than dwarfishness, since small bristles are fre- 
quently produced as a modification. It was found once in Coso and Grape- 
vine, and twice in Panamint. 

Polished body. The body surface, except for the intersegmental membranes, 
is shiny, with a slight metallic lustre. Wings spoon-shaped, rather opaque. 
All bristles and the microchaetae are present, so that the alteration of the 
appearance of the body surface must be due to a change in the micro- 
structure of the chitin. Viability is normal. This excellent mutant has 
been found in a single chromosome in Charleston. 

Plexus venation. A rather extreme allelomorph of plexus first discovered 
by STURTEVANT (STURTEVANT and TAN 1937) in a wild strain from British 
Columbia. Ours was found in one chromosome from Providence. 
Vestigial-like. Wings are notched or reduced in various degrees. In some 
individuals wings are normal in length but have nicks or notches on the 
tip or on the inner margin; in others the notching is so extensive that the 
wing resembles antlered or strap; in still others it is vestigial. The eye 
shape and size vary from normal to very small and knob-like. The scutel- 
lar bristles are normal. The phenotype of this mutant strikingly resembles 
that of the sex-linked recessive recently found by STURTEVANT (unde- 
scribed), albeit ours is located in the third chromosome. The two are not 
allelomorphs. This is one of the best examples of mimic mutants on record. 
The variations in the wing shape are observed even in flies hatching in 
the same culture; they parallel most of the known allelomorphs of the 
gene vestigial in D. melanogaster. This mutant was observed in a single 
chromosome from Providence. 

Curved-like wing. Resembles the mutant curved described by STURTEVANT 
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and TAN (1937). Homozygotes are sterile, but. whether the sterility is due 
to an accessory effect of the curved locus or to a separate gene is unknown. 
The allelism of curved and curved-like has not been tested. The mutant 
was found in one chromosome from Charleston. 

Curly-like wing. Wings are curled upwards and held divergent from the 
body. Some bristles on the head, thorax, and scutellum are absent, the 
bristle pattern is irregular, asymmetry is frequent. This was found in one 
chromosome from Cottonwood. 

Abnormal abdomen. The chitin of the abdominal sclerites is thin and soft. 
In extreme specimens the whole abdomen appears covered by interseg- 
mental membrane, and is therefore rounded and shriveled. Homozygotes 
are sterile. This was found in one chromosome from Panamint. 

Chlorotic body color. Color yellowish-brown, turning a translucent greyish- 
yellow where chitin is thin. Wings yellowish, somewhat opaque. Homozy- 
gotes are sterile. The mutation was found in one chromosome from 
Panamint. 

Wavy wings. The wing surface is uneven, the tips of the wings frequently 
turned upwards (like jaunty of D. melanogaster) or downwards (like arc). 
Probably non-allelic mutants of this type were found in Coso, Cotton- 
wood, and Sheep Range, one chromosome in each. Here belong also two 
somewhat doubtful mutants from Providence and Panamint. 

The above data, though not as extensive as one may wish, are sufficient 
to show that wild populations carry a variety of recessive genes with 
visible external effects, ranging from relatively slight “minor” to sharp 
“major” changes. 

CONCLUSIONS 

The external uniformity of wild populations of D. pseudoobscura is 
spurious, since it conceals a wealth of recessive variations carried in 
heterozygous conditions. In the populations from the Death Valley region, 
11.9 percent of wild third chromosomes carry lethals, 3.1 percent semi- 
lethals, about 39 percent deleterious genetic factors having too slight 
effects to be classed as semilethals, and about 2 percent carry factors 
increasing the viability above the average. Furthermore, no less than 3.5 
percent of the wild third chromosomes contain recessive mutant genes 
with visible external effects, and a fraction which we cannot yet estimate 
quantitatively contain genes modifying the development rate. It is very 
probable that further studies would detect also genetic variations affecting 
other characteristics, such as fertility, length of life, etc. The ten samples 
from different localities all behaved essentially alike, giving us reason to 
believe that the conditions found in these samples are universal, at least 
for wild populations of D. pseudoobscura. 
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Certain biologists have put forward assertions that genetic variations 
of the mutation type are laboratory products, and do not occur at all, or 
at least are very rare and “abnormal,” in natural state. Such assertions 
have become absolutely untenable after TSCHETWERIKOFF, TIMOFEEFF- 
Ressovsky, DuBININ and his collaborators, GORDON, STURTEVANT, and 
others have shown that wild populations of various species of Drosophila 
carry numerous recessive mutants in heterozygous condition. Now we 
may go even further. Certainly more than 50 percent of wild third chromo- 
somes in D. pseudoobscura carry recessive genetic variations. If other auto- 
somes of this species behave like the third, and preliminary experiments 
of STURTEVANT (1937) suggest that this is the case, very few wild indi- 
viduals can be free of mutational changes. 

Such a situation is not as unexpected as it may seem. Indeed, the well 
known theory of inbreeding and heterosis advanced by G. H. SHULL, 
East, and JONES implies that most individuals of a cross-breeding species 
carry some deleterious recessives in heterozygous condition. Our observa- 
tions constitute perhaps the best evidence on record in favor of this theory. 
Evidently, the “normal” viability of a species is largely a result of hetero- 
sis. This raises numerous problems regarding the mechanisms operating 
in wild populations to maintain these heterosis effects. The question that 
is most pressing is how frequently are individuals homozygous for the 
deleterious recéssives produced in nature? This, evidently, depends upon 
the frequency of a given lethal or semilethal in a population. An appropri- 
ate study is under way, and its results will be reported separately. 

The great frequency in wild populations of genetic factors producing 
slight deleterious effects has an interesting analogy in certain experimental 
results of TIMOFEEFF-RESSOVSKY (1935). This investigator has shown that 
X-ray treatment of D. melanogaster induces lethals, semilethals, as well 
as mutations with relatively minor deleterious effects, the last class of 
mutations being about twice as frequent as the lethals and semilethals 
combined. The method of the detection of these mutants used by Trmo- 
FEEFF-RESSOVKSY was essentially the same as ours, namely observations 
on ratios of certain classes of flies appearing in experimental and in control 
cultures. The curves published by him (loc cit, fig. 3) have a striking 
resemblance to those represented in our figure. 2. The difference is that 
TIMOFEEFF-RESSOVSKY’s curve for treated chromosomes has the same 
mode as the control curve, while our curve for the homozygotes is dis- 
placed in the minus direction compared with the curve for the hetero- 
zygotes. TIMOFEEFF-RESSOvSKY could probably obtain the same result 
by treating his flies with X-rays repeatedly in several consecutive 
generations. 
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SUMMARY 


1. Samples of wild populations of D. pseudoobscura inhabiting mountain 
ranges in the Death Valley region are externally homogeneous. A technique 
for the detection of concealed, genetic variability in the third chromosome 
is described (pp. 465, fig. 1). 

2. Among the 849 wild third chromomes tested, 11.9 percent carry reces- 
sive lethals and 3.1 percent semilethals. There is no sharp distinction 
between these classes, hence one may state that 15 percent of the wild 
third chromosomes contain genes that in homozygous condition destroy 
their carriers as an effective part of the breeding population. 

3. The viability of individuals carrying two third chromosomes of 
different origin is defined as “normal.” About 39 percent of wild third 
chromosomes contain factors that reduce the viability below normal, and 
about 2 percent factors that raise it above the average. 

4. No less than 3.5 percent of the wild third chromosomes carry reces- 
sive mutant genes with visible external effects. A part of the mutants 
found in our experiments are allelomorphs of previously known types, 
and others are new. 

5. A quantitatively not yet determined fraction of the wild chromo- 
somes carries modifiers of the development rate. Both retardations and 
accelerations of the development are observed, the former more frequently 
than the latter. 

6. The ten population samples studied have come from an equal num- 
ber of different localities. Nevertheless, they all showed a frequency of 
concealed genetic variations of the same order of magnitude. This, in 
conjunction with similar data of SruRTEVANT (1937), leads us to believe 
that the conditions found in our material are universal for populations of 
D. pseudoobscura. 
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INTRODUCTION 


HORT A chromosomes are associated with the nucleolus in most 

wild and cultivated tomatoes but cultivated races with long A 
chromosomes occur commonly. A third and new type of A chromosome, 
much longer than the long A, was found in the summer of 1937. It is called 
“very long A.’”’ Both the long A and the very long A chromosomes have 
increased in size by large additions to the satellite end. That the increase 
is chiefly due to increased satellite size can best be seen in young micro- 
spores in the resting condition. At this stage the satellite remains thick 
and deeply stained while the rest of the chromosome is slender and pale. 
The same contrast between the satellite and the rest of the chromosome is 
evident in somatic divisions, but in meiosis the satellite can only be dis- 
tinguished from the rest of the A chromosome by the position of the attach- 
ment constriction which is at or near the base of the satellite in all three 
types of A chromosome. Except for satellite size, long A and short A races 
cannot be distinguished somatically. The chromosome size of each parent 
is maintained in F,; and Mendelian segregation has been shown to occur 
(LESLEY and LESLEY 1935). 

The earlier literature on change in satellite size is discussed in the paper 
just referred to. DoBzHANSKY (1935) found that in Drosophila pseudoob- 
scura the absolute and relative lengths of the two limbs of the Y chromo- 
some vary, giving rise to six cytologically recognizable types of Y and 
that: “The morphological and physiological properties of a given strain 
are apparently not affected by the type of Y chromosome present in that 
strain.” DoBzHANSKY and BocueE (1933) suggest that the other types of 
Y chromosome may have been derived from the longest V-shaped type by 
loss of a part of a limb. In tomato the reverse is true. Both the Y chromo- 
some in D. pseudoobscura and the A chromosome in tomato are associated 
with the nucleolus and the change in size is due to changes in amount of 
genetically inert material. 


ORIGIN OF “VERY LONG A” CHROMOSOME 


The new type of A chromosome, very long A, appeared in the F, from 
a cross between two long A races. It is probably of recent origin, since it 
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had never been observed before, and both parents were known to have two 
long A chromosomes. The pedigree of the race with very long A chromo- 
somes (37.010) is as follows: 


33-045.69 X 34.030.2935.056.1(Fi1)37.010(F 2). 


Of the 16 plants of population 37.010 which were examined for chromo- 
some size, 10 had one long and one very long A chromosome, 5 had two 
long, and one, 37.010.10, had two very long A chromosomes. Since both 
parents, 33.045.69 and 34.030.2, were known to have had two long A 
chromosomes, and since 37.010 is clearly segregating for the very long A, 
the addition of satellite material must have occurred at some cell division, 
probably during meiosis, in one of the P; parent plants. 

Chromosome distribution during meiosis is about as normal in 37.010 
as in short A or long A races. Unfruitfulness is also independent of chromo- 
some size. It will be seen from table 1 that, in 37.010, a plant with one very 
long A chromosome may have very good pollen and be relatively fruitful 
as compared with long A long A plants; even 37.010.10 had several fruits 
each containing a few seeds. In appearance this plant was very much like 
37.010.13 with two long A chromosomes, and 37.010.39 and 37.010.42, 
with one long and one very long A. Plant characters seemed to be deter- 
mined by segregation of genes rather than by difference in chromosome 
size. 


EFFECT ON POLLEN 


The chromosomes of 37.010 were first examined because the whole 
population was very unfruitful, whereas, in other populations used for a 
study of male sterility, only the male-sterile plants were unfruitful. Table 
1 shows that in 37.010 all plants, except male steriles (marked 0), had at 
least one-fourth to one-half good-looking pollen in July. On September 22, 
the pollen was nearly all aborting at an early stage, but on October 4 
several plants had much more good pollen than they had in September. 
The same type of variation occurred to a lesser extent in the extremely 
fruitful population 37.011, in which even the male-sterile plants were as 
fruitful as most plants capable of having much normal-looking pollen in 
population 37.010. The pollen abortion was probably due to the great 
mid-September heat in both cases. Population 37.011 was an F,; from 
a cross of the male-sterile plant 34.021.9 by the male-fertile 34.030.2, one 
of the P; plants of the F, population 37.010. Plant 34.021.9 was from a 
selfed sib of 33.045.69, the male-sterile P; parent of 37.010. 


SIZE OF NUCLEOLUS 


Before 37.010 was found to be segregating for a very long A chromosome 
(figs. 1, a-b and 2, a-f), the diameter of the nucleolus in p.m.c. at pachy- 



































SATELLITE AND NUCLEOLUS IN TOMATO 
TABLE 1 


A comparison of chromosome type, pollen development, and fruitfulness in populations 
37-010 and 37.011. 














Legend 
For polien For fertility 
o =male sterile; many starch grains in mature pollen — =decidedly unfruitful 
— =early abortion of nearly all pollen, brownishantherscommon +?=slightly more fruitful 
+ =} to } clear, full-sized grains + =passibly fruitful 
+-+=more than } clear, full-sized grains ++ =very fruitful 
POLLEN FRUITFULNESS 
PLANT CHROMOSOME DATES EXAMINED DATES EXAMINED 
NUMBER TYPE 
7/19/ rh9/s1| 9/22 10/4 8/19/37) 9/21 10/30 
37-O010.1 Long, Very long ++ | + + - + ++ 
37.O10.2 Long, Very long + | - os - —? +? 
37-010.3 Long, Very long + , + - - - - 
37-O10.4 Long Long + {| - + — - — 
37.010.5 Long, Very long ° | ° ° - - - 
37-010.6 Long, Very long + _ + - — _ 
37-010.7 Long, Very long + + +? aa a a 
37.01¢.8 Long Long ° ° ° - _ _ 
37.O10.10 Very long, Verylong|; + _ - - — -_* 
37-O10.11 Long, Very long ++ | _ _ ast _ 
37.010.13 Long Long ++ i= - —_ +? 
37-O10.15 Long, Very Long + | - +? +? +? 
37-010.17 | Long Long ++ | - — —? —? 
37.010. 26 Long Long ++ | _ + - +? 
37-010.39 | Long, Very long ++ | ~ = so — 
37-010.42 | Long, Very long + - - _ 
37.O10.51 Long, Very long _ - 
7/2 9/22 10/4 8/19 9/21 10/4 
37.O11.1 Long Long + +? oe ope aaa +49 
37-O11.2 Long Long i Pe. Ae <4 —— — 
$7.682.3 Long Long ++ + le ++ ++ ++ 
37-O11.4 Long Long =a = —7 5 eg 5 ar os 
37-O11.5 Long Long ° ° ° | + - _ 





























NoTE: On 9/22/37, plants 37.010—21, 23, 24, 25, 26, had abortive (—) pollen; 37.010—34, 
36, 37, and 38 had better pollen but less than one-half good, and a good many abortive (—) 
anthers. 

* Anthers brownish even on 7/19/37. 

{] Except for the pollen steriles, the plants in 37.011 were all either ++ or + in fertility; 
they were mostly very fruitful. 


tene had been measured in three diploid races with two short A and three 
with two long A chromosomes. The results indicated strongly that the 
size of the nucleolus had increased with the increase in satellite size. Similar 
measurements of nucleoli in the single diploid plant with two very long 
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FicuRE 1.—a. Anaphase from a p.m.c. of 37.010.10 fixed in acetocarmine showing the two very 
long A chromosomes at the right. Both long and very long A chromosomes are usually on the 
periphery of the group. b. Metaphase from a p.m.c. of 37.010.10 fixed in Nawaschin’s fluid. 


A chromosomes (37.010.10) emphasized this conclusion (table 2). There 
can be no doubt that the nucleolus averages larger in 37.010.10 than in 
either short A short A or long A long A plants (fig. 3). It will be seen from 





a b c d e f 
FIGURE 2.—Relative size of short, long and very long A chromosomes. All were fixed in aceto- 
carmine. a. Very long A very long A at anaphase. b. Long A long A at metaphase. c. Very long A 
long A at anaphase. d. Very long A very long A at metaphase. e. Short A long A at diakinesis 
f. Long A very long A at diakinesis. 


table 2 that nucleolus size in 37.010.10 is very like that in a triploid with 
three long A chromosomes (31.014.43). 

Figure 4 shows that one can easily recognize a plant having one long 
and one very long A chromosome from the satellite size in the tetrad stage. 


* he 
oi: 


FIGURE 3.—Nucleoli, chromosomes, and satellites in short A, long A and very long A races. 
Nucleoli and satellites are of the average size for each type of chromosome. The upper pair of 
chromosomes is from short A long A; the lower from long A very long A. Chromosomes and nu- 
cleoli are from p.m.c. fixed in Nawaschin’s fluid, satellites from tetrads fixed in acetocarmine. 











TABLE 2 


Measurements of the diameter of the nucleolus at pachytene:* 


SATELLITE AND NUCLEOLUS IN TOMATO 


















































DIAMETER OF DRAWING OF NUCLEOLUS IN MM] 5 |5.5| 6 |6.5/] 7 |7-5| 8 |8.5] 9 |9-5 
A. In plants with two short A chromosomes 
Plant number 34.039.13 ° 5 | 34 4 2/0 
Plant number 34.001.2 o | 10 | 22 si @i- 6 
Plant number 34.043.5 I 8| 10] 3 o}] o 
Totals x | 23 | 6] re] 2} © 
Mean d?= 213 
B. In plants with two long A chromosomes 
Plant number 34.065 .2 o| 6] 31 2} of © 
Plant number 34.012.75 $i gi 30] eo] @]|] © 
Plant number 34.045 .69 o| o| 23 2 2/0 
Totals 8| 15 | 84] 4 2/0 
Mean d?= 332 
C. Plants with two very long A chromosomes 
Plant number 37.010. rot 911%3|301| 6] 8 
Plant number 37.010. 10 I 5 | 20] 10] 3 
Totals 8 | 18 | 59 | 16 | 11 
Mean d°= 522 
D. A triploid with three long A chromosomes 
Plant number 31.014. 43 2/23 | 73 | 241] § 
Mean d?= 522 





* All slides were fixed in Nawaschin’s fluid and stained in gentian violet. Great care must 


+ The first set of data were taken from one slide; the second from nine others. 


be taken that the p.m.c. do not dry out in smearing since chromosome size is much more 
difficult to determine with certainty if any part of the smear has become too dry. It is quite 
possible that this might also affect nucleolar and satellite size. 


The diameters of the two satellites of each type were measured in this 
drawing and in the four microspores of a tetrad from a short A short A 
plant. The results follow: 











SHORT A LONG A VERY LONG A 
LENGTH BREADTH LENGTH BREADTH LENGTH BREADTH 
3.0 2.0 4.0 2.0 5.0 2.75 
3.5 2.0 3-0 3-0 4-5 3.00 
3-0 .0 
2.75 2.0 


The mean cube of the average of the two diameters of satellites in tetrads 


was 14 for short, 27 for long, and 55.7 for very long A. 
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The mean cube of the average diameter of satellites in young pollen was 


27.7 for short A, 55.4 for long A, and 92.1 for very long A. 


b 


FiGuRE 4.—a. Shows satellites of two sizes in the microspores of a long A very long A plant 
b. Shows the same and also that nucleolar size is associated with satellite size. c. Nucleoli and 
satellites from the four microspores of a tetrad from a triploid plant. All are from acetocarmine 


smears. 


The satellites have in each case practically doubled in volume in the 
young pollen cells measured. The relation between short, long, and very 
long A remains similar to that found in the tetrads. The results seem to be 
consistent with the hypothesis that the satellite of short A has doubled in 


Satellite size measured in drawings of pollen just after the rupture of the pollen mother cell wall. 


TABLE 3 


The length and breadth of each is given below in millimeters. 




















SHORT A LONG A VERY LONG A 
LENGTH BREADTH LENGTH BREADTH LENGTH BREADTH 
3-50 2.50 4-75 3-00 5-75 3-75 
3-25 2.75 5.00 2.75 6.00 3.co 
3-50 2.50 4-75 3-00 5-75 3-25 
3-75 2.50 4-75 3-25 5-75 3-50 

4-50 3-25 5-75 3-00 
4.25 2.75 6.00 3.00 
4-75 3-00 5.00 3-50 
4-75 2.25 6.00 9.95 
4-75 3-00 
4-50 3.00 
4-50 3-25 
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size to produce long A, and that that of long A has doubled to produce 
very long A. 

The drawings of young pollen and tetrads from which measurements of 
satellites were taken, were all from acetocarmine smears, but those of the 
nucleoli were from smears fixed in Nawaschin’s fluid and stained in gentian 
violet. Since cells and chromosomes fixed in acetocarmine are much larger 
than in Nawaschin’s fluid, no comparison of absolute size of nucleolus and 
satellite is possible. We can, however, compare the differences between 
nucleoli from the three types (table 2) with the differences between the 
satellites. Whereas the satellites approximately double in size in long A 
as compared with short A, and in very long A as compared with long A, 
the difference in nucleolar size between short and long and between long 
and very long is decidedly less. It is, however, greater between long and 
very long than between short and long. It would probably have been better 
to compare nucleolus and satellite size in young pollen, but unfortunately, 
although the satellite is easily seen in acetocarmine smears, the rest of 
the chromosome and the nucleolus are seldom visible, and permanent 
smears of tetrads were not available for all types. In a few tetrads of an 
acetocarmine smear of 37.010.2, a long A very long A plant, the nucleolus 
was visible. The nucleolus associated with the smaller satellite was de- 
cidedly smaller in each case than the nucleolus with the larger satellite. 

In microspores in the resting stage which have been fixed in acetocar- 
mine, the satellite is surrounded by a clear area. The same condition was 
noted at metaphase and anaphase in root tip cells fixed in Nawaschin’s 
fluid. The clear area is probably indicative of interaction between satellite 
and cytoplasm during the growth of the satellite following division. 

In diploids, the microspores have one satellite on the side of the nucleo- 
lus. In triploids, two microspores typically have two, the two others one 
satellite at the resting stage when the p.m.c. has divided to form four 
microcytes. Similarly, each microcyte in a tetrad of a tetraploid has typi- 
cally two satellites. When the two satellites lie close together they are 
both associated with a single large nucleolus but when they are widely 
separated each may be associated with a smaller nucleolus. A nucleolus 
which is associated with one long A chromosome is smaller than one which 
is associated with two long A chromosomes and is approximately the same 
size as the nucleolus in a cell with one very long A chromosome. When two 
nucleoli are formed in one microspore in a triploid, each is of about the 
same size as the nucleolus in a sister cell with one A chromosome of the 
same type. The nucleolus in tetraploid cells with two long A chromosomes 
is of the same size as that in triploid cells with the same A chromosome 
complement. Cell size and nucleolus size do not increase proportionately. 
At pachytene in pollen mother cells of 37.010.10, the two very long A 
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chromosomes differ from those of long A long A and short A short A races 
in that each A chromosome is attached to the nucleolus at two points instead of 
one. The typical figure at pachytene in 37.010.10 consists of a paired por- 
tion, two loops, and two long satellite ends (fig. 5, a-e). Pollen mother 
cells containing one long and one very long A have one loop (fig. 6, a-c), 





a e b ¢ d 


FIGURE 5.—a-c. Typical pachytene configurations in a plant with two very long A chromo- 
somes (37.010.10); d and e show early diakinesis in 37.010.10. 


those with long A long A or short A short A, none. As the chromosomes 
shorten the loops are gradually reduced until at late diakinesis there is 
often very little indication of the second attachment point. The first is 
also often lost in at least one A chromosome of any type at late diakinesis. 

It is possible that the increase in nucleolus size in 37.010.10 is partly 
due to the presence of two nucleolus-forming bodies (MCCLINTOCK 1934). 
However, in long A long A, the nucleolus-forming body is apparently no 





b a c 


FiGuRE 6.—a to c. Remnants of a loop in the very long A chromosome, none in the long 
A chromosome. The figures are from 37.010.1, a long A very long A plant. 


longer than in short A short A and yet the nucleolus averages larger, indi- 
cating that the increased satellite material may affect the size of the nu- 
cleolus directly. 

How satellite material has been added in these tomato races is not 
known. It seems most probable that a large block of it has, in each case, 
been inserted at the point of attachment to the nucleolus, since A chromo- 
somes frequently cross at this point and the satellite ends are otherwise 
rarely if ever associated. A long A chromosome might have originated 
from a short A by insertion or terminal addition of a short A satellite and 
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no nucleolus-forming body; a very long A chromosome, by insertion or 
terminal addition of a long A satellite plus a nucleolus-forming body. 

The UNIVERSITY OF CALIFORNIA Citrus Experiment Station kindly pro- 
vided the materials and some of the facilities used in this study. The 
plants were grown by Dr. J. W. LEsLeEy, and I am indebted to him and 
to Dr. H. B. Frost for helpful suggestions. 


SUMMARY AND CONCLUSIONS 

1. Three races differing in size of the A or nucleolar chromosome have 
been found in tomatoes. The difference between the three types of A 
chromosomes (short A, long A, and very long A) is due to the addition of 
satellite material which appears to carry no genes. 

2. At pachytene, the A chromosome is associated with the nucleolus 
at one point in short A and long A, at two in very long A. 

3. The volume of the satellite is approximately doubled in long A as 
compared with short A, and in very long A as compared with long A. 

4. Nucleolar size in races with two long A chromosomes averages ap- 
proximately 50 percent larger than in races with two short A’s. In one 
plant with two very long A chromosomes, the nucleoli average about 60 
percent larger than in long A long A races. 

5. In microspores from one p.m.c. in a triploid, a nucleolus which is 
associated with one long A chromosome is smaller than one which is asso- 
ciated with two long A chromosomes and is approximately the same size 
as the nucleolus in a microspore at the same stage in a cell with one very 
long A chromosome. 

6. There is no relation between chromosome size and external plant 
characters, fruitfulness, or pollen abortion. 
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INTRODUCTION 


INCE the discovery by MULLER and STADLER that X-rays induce 

mutations in animals and plants, a new field has been developed in 
experimental genetics. This work on radiation genetics has been reviewed 
by MULLER (1932), HANSON (1933), OLIVER (1934), STADLER, Goop- 
SPEED, GOWEN, et al. (DUGGAR 1936), STUBBE (1937), and TIMOFEEFF- 
RESSOVSKY (1937). The genetic results show that (1) the mutation rate 
increases directly with dosage, (2) the X-ray effect is not delayed or 
indirect, (3) there is no temperature coefficient, (4) differential suscepti- 
bility is found in different stages of development, (5) the X-rays cause 
translocations, inversions, and deletion of chromosome segments, (6) the 
induced mutations are not distributed entirely at random in the chromo- 
somes, (7) there is no differential effect of the various wave lengths in the 
X-ray range, and (8) the gene string is already partially split in Drosophila 
sperm and in Zea pollen grains. 

A direct cytological analysis of X-ray effects has confirmed some of the 
results obtained by genetic methods, but most of the cytological work has 
dealt with the nature of the chromosome rearrangements and the time of 
splitting of the chromonema. There is still no critical evidence regarding 
the relation between dosage and chromosome aberrations, the effect of 
temperature on chromosome susceptibility to radiation, differential sus- 
ceptibility at various times during the meiotic and mitotic cycles, the 
mechanism involved in translocation and inversion, and the time of chro- 
monema doubling. An analysis of X-ray effects on chromosomes of Trades- 
cantia microspores has solved some of these problems. 


MATERIALS 


Microspores of Tradescantia were used for the study of X-ray effects 
on chromosome behavior. The meiotic and mitotic cycle in microspore 
formation is well known, the chromosomes are large, and certain species 
flower throughout the year in the greenhouse. During the summer months 
the meiotic cycle from earliest prophase to the tetrad stage covers about 
one week, and a similar period is required for microspore development up 
to the time of nuclear division. The nucleus of the newly formed micro- 
spore remains in the resting stage for about five days, and is in the pro- 
phase stage for at least one day before nuclear division occurs. The length 


GENETICS 23: 494 Sept. 1938 














X-RAY INDUCED ABERRATIONS 495 


of the meiotic and mitotic cycles is increased during the winter months 
and may be increased to two weeks for each cycle. All experiments were 
done with a clonal line of a Tradescantia reflexa hybrid, which has six pairs 
of chromosomes and one pair of fragments. Flowering stalks were cut off 
and kept in a glass of water during radiation and for several days to a 
week more while the microspores were being examined. When the micro- 
spores were to be examined for a period of several weeks after irradiation, 
the potted plants were subjected to X-rays. 

The source of the X-rays was a Coolidge tube with a tungsten target. 
The line voltage was 120 at 10 ma, and the secondary voltage was 160 kv. 
No screen was used, and the target distance was about 75 cm. At this 
distance the tube delivered about 25 r per minute. The dosage used ranged 
from 75 to 200 r for the analysis of types of chromosome aberrations. 


CYTOLOGICAL OBSERVATIONS 


A few observations were made at meiosis, but most of the data were 
based on microspore chromosomes. A few hours after raying, the meiotic 
cells show clumping of the chromosomes and fusion of homologous chro- 
matids. The terminal association of chromosomes is not accompanied by 
fragments at either the first (fig. 11) or the second (fig. 2) meiotic division. 
Many sub-terminal associations are found, especially at the second meiotic 
anaphase, but free fragment chromosomes were not observed. Twenty- 
four hours after raying, many chromosome bridges and free fragments 
were found at anaphase of both meiotic divisions. 

The mitotic division in the microspore also shows a clumping of the 
chromosomes shortly after irradiation. At four to six hours after raying, 
about half the anaphase figures show terminal or subterminal fusion of 
sister chromosomes (figs. 3 and 4). Occasionally there are free fragments 
or evidence of unequal chromatid interchange, but these are rare. In no 
case were fusions or interchanges found between non-homologous chro- 
matids or chromosomes during the first seven hours after irradiation. 
These early fusions following X-ray treatment appear to involve the 
chromosome envelope, and although fragments are released by breakage 
at points of fusion in some figures, the fusion of sister chromatids at these 
stages is not of primary significance. 

When moderate doses of X-rays are given to microspores the metaphase 
and anaphase figures can be analyzed at any time after irradiation. During 
the first 24 hours after raying, most of the breaks involve only one of the 
two chromatids (figs. 5, 6, 8, 9, and 10), but chromatid breaks have been 
observed as late as 72 hours after raying. Achromatic lesions also are 


1 Figure references are to Plates 1 and 2 unless otherwise specified. 
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frequent, and seem to be caused by breaks which have not released the 
distal ends of the chromatids (fig. 6). 

The chromatid breaks may be single and release the distal end of a 
chromatid, or they may involve two chromatids, one from each of two 
chromosomes. A single break may produce an acentric fragment, or the 
break may be incomplete and produce an achromatic lesion (fig. 6). The 
double breaks may produce either reciprocal interchange of chromatids, 
or chromatid fusion accompanied by fused chromatid fragments. The re- 
ciprocal chromatid interchanges usually are equal or nearly equal (figs. 9 
and 10), although unequal interchange of chromatid arms does occur 
(fig. 8). The ends of two broken chromatids may fuse to form a dicentric 
chromatid and release an acentric fused fragment (figs. 9 and 15). In 
practically all cases of chromatid fusion an acentric fragment is released. 
The ends of the fragment are the normal ends of the two broken chro- 
matids, and at the point of breakage the two chromatid fragments are 
fused. 





DESCRIPTION OF PLATES 


Camera lucida drawings of meiotic and microspore chromosomes at various times after X-ray 
treatment. Acetocarmine preparations of Tradescantia reflexa hybrid. Magnification X goo. 


EXPLANATION OF PLATE 1 


FicuRE 1. Meiotic anaphase. Terminal fusion of chromatids. No fragments. 150 r. 3 hrs. 

FIGURE 2. Second meiotic anaphase. Terminal and sub-terminal fusion of chromatids. No 
fragments. 150 r. 6 hrs. 

FicurE 3. Anaphase in microspore. Fusion of chromatids. 75 r. 6 hrs. 

FicurE 4. Anaphase in microspore. Terminal fusion of chromatids. Translocation between 
sister chromatids. 75 r. 6 hrs. 

FicuRE 5. Microspore metaphase. Two chromatid breaks, and a chromosome break followed 
by fusion of broken ends of sister chromatids. 200 r. 12 hrs. 

FIGURE 6. Microspore anaphase. Complete and incomplete chromatid breaks, and a dicentric 
chromosome resulting from sister chromatid fusion after a chromosome break. 100 r. 19 hrs. 

FIGURE 7. Microspore metaphase. A chromosome break followed by sister chromatid fusion. 
100 r. 6 hrs. 

FicuRE 8. Microspore metaphase. A chromatid and a chromosome break in the same chro- 
mosome. The unequal chromatids of two chromosomes are the result of unequal reciprocal chro- 
matid translocations. 100 r. 17 hrs. 

FIGURE 9. Microspore metaphase. Chromatid exchange and chromatid fusion. Also a simple 
chromosome break. 75 r. 24 hrs. 

FIGURE 10. Microspore metaphase. Chromatid and chromosome breaks. 100 r. 24 hrs. 

FIGURE 11. Microspore metaphase. Chromatid ring formation. 75 r. 24 hrs. 

FIGURE 12. Microspore—early anaphase. Chromatid and chromosome breaks. t1oor. 24 hrs. 

FIGURE 13. Microspore anaphase. Dicentric chromosome and fused fragment following chro- 
mosome break. too r. 24 hrs. 

FIGURE 14. Microspore metaphase. Complex fusion of chromosomes with no free fragments. 
100 r. 28 hrs. 

FIGURE 15. Microspore metaphase. Reciprocal chromatid fusion of the reverse crossover type. 
180 r. 48 hrs. 
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Few chromatid breaks are found 48 hours after raying, and none from 
the fourth to the ninth day. During the winter months, the microspores 
examined 9g or 10 days after raying were X-rayed at late stages in meiosis 
or very early in microspore development. Although no chromatid breaks 
were found between the fourth and eighth day after irradiation, a few were 
found on the ninth day. Most of these were in a single microspore, where 
two single breaks and two chromatid fusions were found at metaphase 
(fig. 23). A single chromatid fusion was also found at anaphase in another 
cell (fig. 24). 

Chromosome breaks, with both chromatids broken at the same locus, 
were found at all times after raying the microspore. During the first 24 
hours all the chromosome breaks are single. The break releases the distal 
end of the chromosome arm, and the broken ends of sister chromatids 
invariably fuse to form a U-shaped acentric fragment and a pair of sister 
chromatids fused at one end. The first chromosome break was observed 6 
hours after raying (fig. 7). As the broken chromosome divides at anaphase, 
the fused ends form a bridge (figs. 6, 12, and 13). The distal ends of the 
broken chromatids always fuse to form a single fragment. The size of the 
fragment varies considerably, but no bridge has been observed without a 
fragment. 

Single chromosome breaks are found less frequently after the second 
day following irradiation. At this time there is no fusion of the ends of 
broken chromatids, and only pairs of chromatid bridges are found. The 
distal fragments appear as paired rods (figs. 22, 23, and 24). 

Breaks in two chromosomes may be followed by reciprocal interchange 
or by chromosome fusion with the release of a fragment. The reciprocal 
interchanges are difficult to detect, presumably because they are approxi- 
mately equal, but unequal interchanges have been observed. The fusion 
of broken ends of different chromosomes may produce also a dicentric 
chromosome and a pair of chromatid fragments. Each fragment chromo- 
some is composed of the ends of two non-homologous chromosomes fused 
together at the point of the break. As the dicentric chromosomes separate 
at anaphase, they may separate freely, or form two bridges, or interlock, 
depending on the amount of relational coiling between centromeres (figs. 
16 and 17). Chromosome bridges are always accompanied by chromosome 
fragments. The size of the fragment may be no longer than the width of 
a chromatid or may be as long as a normal chromosome (figs. 16 and 18). 
Occasionally the break and fusion occur so near the centromeres that the 
duality of the centromeres in the dicentric chromosome can not be differ- 
entiated. The released fragment is then as long as two normal arms (figs. 
18 and 20). 

Broken ends in each arm of a single chromosome may reunite to form 
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ring chromosomes. At anaphase the ring chromosomes may separate 
freely, or open out into a single dicentric ring, or they may be interlocked 
(figs. 19, 20, and 21). Ring chromosomes induced by raying the resting 
microspore nucleus are always accompanied by fragments. Premeiotic 
irradiation has produced a ring chromosome at the microspore division 
with no visible fragment. Evidently the loss of a small fragment is not 
always lethal. 

The irradiation of meiotic cells produces a high degree of microspore 
sterility, but some microspores do develop. These microspores, even 
though they include only the more viable cells, show a large proportion 
of breaks. Every chromosome may be broken, but if no fragments are 
lost, the chromosomes develop normally (fig. 24). Occasionally diploid 
microspores are produced after irradiation, and these also have many 
chromosome aberrations (fig. 26). These microspores were produced from 
meiotic cells which were irradiated at interphase or during the second 
meiotic division. 

Most of the aberrations induced by X-rays are chromosome fragmenta- 
tions and fusions, but other abnormalities are found occasionally. The 
anaphase chromosomes may not be distributed equally to the poles, and 
all chromosomes may pass to the same pole. Monocentric spindles are 
rare, and only five were observed in the thousands of anaphase figures 
studied (fig. 30). The centromeres of some chromosomes and chromatids 
seem to be inactive in chromosome orientation at metaphase and anaphase. 
The inactive chromosomes may be acentric fragments which have lost 
the centromeres by chromosome fusion (fig. 18); but the unequal distri- 
bution of daughter chromosomes to the poles and occasional lagging 
chromosomes at anaphase (fig. 28) suggest that a centromere may be 
inactivated or prevented from dividing by X-ray treatment. In one 
microspore the chromosomes had developed to an early metaphase stage 
with no visible split in the chromosomes (fig. 29). 

The sequence of appearance of various types of aberrations is of interest 
in an analysis of the nature of breaks and fusions of chromosomes. After 
the terminal fusions of chromosomes are past and the more significant 
aberrations appear, only chromatid and chromosome breaks are observed 
during the first 24 hours. For example, at 17 hours after irradiation at 
100 r, 21 chromatid fragments and 10 chromosome fragments were found 
without a single dicentric chromatid or chromosome. These and other 
data show that the breaks are not dependent on previous fusions. 

When the resting nucleus of the microspore is irradiated, the aberra- 
tions appearing at metaphase and anaphase include dicentric chromo- 
somes and fragments, ring chromosomes and fragments, and simple frag- 
ments. In one series of observations, made four to seven days after raying 
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with a dose of 200 r, there were 69 dicentric chromosomes, 11 ring chromo- 
somes, and 11 single distal fragments. Thus about 86 percent of the fusions 
are between different chromosomes, and only 14 percent are between the 
two arms of the same chromosomes. Single breaks without fusion con- 
stituted about 12 percent of the aberrations which could be detected. In 
another series of observations made at corresponding times after irradia- 
tion, the proportion of single breaks was about 17 percent (table 2). The 
relatively small percentage of single breaks suggests that a broken end 
of a chromosome has a strong tendency to fuse with another broken end, 
and that broken ends usually reunite after a single break. 

It has been assumed by a number of cytologists that an X-ray “hit” 
can break only a single chromonema at a given locus, and that the occur- 
rence of chromosome breaks proves the existence of a single chromonema 
at the time of irradiation. But we find both chromosome and chromatid 
breaks in the same division figure, or even in the same chromosome, and 
at various times after irradiation,—from 7 to 72 hours (table 1). It seems 
highly improbable that the splitting of the chromosomes is so variable 
in different chromosomes of the same cell or that the time of the split may 
vary from 7 to 72 hours before the chromosomes reach the metaphase 
stage. The evidence seems conclusive that both chromatids may be broken 
at the same time by a single X-ray “hit.” 


EXPLANATION OF PLATE 2 


FicuRE 16. Microspore anaphase. Chromosome breaks fellowed by fusion to produce dicen- 
tric chromosomes and acentric fragments. Two types of separation—locked and free. 200 r. 8 
days. 

FicuRE 17. Microspore anaphase. Dicentric chromosome with crossed chromatids. 200 r. 
3 days. 

FicurE 18. Microspore—early anaphase. The pair of chromatid fragments presumably re- 
leased by breaks and fusions of two chromosomes very near the centromeres. 200 r. 6 days. 

FIGURE 19. Microspore anaphase. Free separation of ring chromatids. 200 r. 19 days. 

FIGURE 20. Microspore anaphase. Dicentric ring chromosome. Long acentric fragment re- 
leased by breaks and fusion of two chromosomes at or near centromere. 180 r. 7 days. 

FIGURE 21. Microspore anaphase. Locked ring chromatids. 200 r. 7 days. 

FIGURE 22. Microspore anaphase. Single chromosome break which released almost entire 
arm of one chromosome. too r. 9 days. 

FIGURE 23. Microspore metaphase. Chromatid breaks and fusions induced during meiosis 
or very early in microspore. 100 r. 9 days. 

FIGURE 24. Microspore metaphase. Numerous chromosome breaks induced at meiosis. 100 r. 


11 days. 
FicurE 25. Microspore anaphase. Chromatid fusion of non-sister chromatids. 200 r. 9 days. 
FicurE 26. Diploid microspore metaphase. Three dicentric and one ring chromsome. 200 r. 
9 days. 


FIGURE 27. Microspore anaphase. Dicentric and ring chromosomes. 1200 r. 5 days. 

FIGURE 28. Microspore anaphase. Apparent inactivation of the centromere of one chromo- 
some. 75 r. 24 hrs. 

FIGURE 29. Microspore metaphase with no chromosome split. 100 r. 11 days. 
FIGURE 30. Monocentric spindle. 180 r. 4 days. 
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TABLE I 


Duration of chromatid breaks. 








75 to 200r 
HOURS AFTER CHROMATID CHROMOSOME 

RAYING BREAKS BREAKS % 
5 10 ro) ° 

) 22 3 12 

II 3 I 25 
17 21 10 32 
24 go 81 48 
48 15 61 80 
72 6 41 87 
96 ro) all 100 


If chromosome breaks and fusions occur at every locus which is hit by 
the X-rays, they should be distributed at random along the chromosomes. 
But if secondary factors are involved, such as torsion of the chromosomes 
or the relative positions or differential contraction of the chromosomes, 
then the breaks may be localized. An analysis of the position of breaks 
and fusions has been made, using cells which were rayed while the chromo- 
somes were in the resting stage. The data are shown in table 2. 


TABLE 2 


Loci of chromosome breaks. 150 r. 4-7 days after raying. Length of fragment in relation to 
chromosome bridge or shortened arm. 











SINGLE BREAKS EXCHANGE BREAKS 

N % N % 
Break near centromere 38 57 28 50 
Break near center of arm 17 25 19 34 


Break near distal end of arm 12 18 9 16 





The position of the breaks and fusions was determined from the relative 
length of the released fragments compared with the broken chromosome 
arms, or the distance between centromeres in the dicentric chromosomes. 
In about half the aberrant chromosomes the break had occurred in the 
proximal third of the chromosome arm. Breaks were less frequent in the 
central region of the chromosome arms and still less frequent at the distal 
ends of the chromosomes. Simple breaks and exchange breaks show about 
the same frequency of distribution at the various loci. 

Organisms at different stages of development show a differential sus- 
ceptibility to X-rays as measured by both the mutation rate and the 
frequency of chromosome aberrations. An extended analysis was made 
with X-rayed Tradescantia plants to determine the types and frequencies 
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of chromosome aberrations at various times in the meiotic and mitotic 
cycles. Two series of observations were made, one with plants which had 
received a dose of 75r, and the other with plants which had been sub- 
jected to 150 r. Both series showed similar results, but more data were 
obtained from the 150 r series. The data are shown in table 3. 














TABLE 3 
Series 17. Jan. 10. X150 r. Greenhouse plants. 
MIC. 
TOTAL CHROMATID BREAKS CHROMSOME BREAKS TOTAL  STERIL- 
TIME AFTER CHROMO- — BREAKS ITY 
RAYING SOMES SINGLE EXCHANGE SINGLE EXCHANGE % % 
1-4 hrs. 318 0.0 19 
4-7 936 II 2.2 18 
1 day 450 18 16 16 bx: % 18 
2 days 438 3 17 12 7.4 21 
3 666 I 4 20 3-8 18 
4 612 3 10 2.1 20 
5 384 3 8 2.9 23 
7 354 6 1.7 20 
8 288 10 3-5 22 
9 372 I 12 3-5 26 
10 486 3 IO 2.7 26 
II 528 3 12 2.8 26 
12 450 5 16 4:7 28 
14 108 15 30 41.7 65 
15 114 3 2.6 92 
16-19* 120 0.0 82 
19-29* 522 0.0 50 
29-33 258 0.0 20 








* Fragments in one nucleate microspore. 


There was an increase in chromosome aberrations up to 24-30 hours 
after raying, when the proportion of breaks reached 11 percent. Each 
chromatid or chromosome fusion was counted as two breaks, since the 
evidence indicates that the breaks precede the fusions. At 48-55 hours 
the percentage of aberrations decreases and reaches a point of stability 
at about 3 percent between the third and eleventh day. During this entire 
period the microspore fertility is normal, about 80 percent. On the twelfth 
day after raying, there was a slight increase in both chromosome aber- 
rations and microspore sterility. The sterility is judged by the failure of 
nuclear development and microspore growth. Cells examined later 
showed a great increase in chromosome aberrations to over 40 percent, 
while the pollen sterility was also greatly increased. These microspores 
undoubtedly were rayed during meiosis. The pollen sterility on the 15th 
to 19th day was so great that few chromosome studies could be made. 
The high degree of microspore sterility indicates, however, that chromo- 
some aberrations are very frequent at meiotic prophase. On the 19th day, 
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pollen fertility is increased to about 50 per cent and remains at this figure 
for about 10 days. During this period no chromosome aberrations were 
observed, although certain types undoubtedly are included in viable 
microspores. At the end of four weeks both the mitotic and meiotic cycles 
have been completed. The pollen fertility now becomes normal, in spite 
of the fact that the premeiotic cells have been X-rayed. 











TABLE 4 
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Days AFTER RAYING 

The relation between chromosome aberrations, microspore sterility, 
and the stage of nuclear development, is shown in table 4. The suscepti- 
bility of the chromosomes to X-ray treatment is greatest at meiosis and 
presumably at meiotic prophase. Since all the chromosomes found in a 
tetrad of resting microspores are already differentiated at late pachytene 
of meiosis, it appears that the meiotic chromosomes are much more sus- 
ceptible to X-ray breakage than the chromosomes in the resting nuclei 
of the microspores. In view of the selected sample of microspores resulting 
from X-rayed meiotic cells, it seems probable that the chromosomes at 
meiosis are at least ten times as susceptible as chromosomes at the resting 
stage in the microspore. The prophase stage of mitosis is more susceptible 
to X-rays than the resting stage, but at prophase about half the breaks are 
chromatid breaks, while X-rayed resting nuclei show only chromosome 
breaks at metaphase and anaphase. However, the mitotic prophase stage 
is about twice as susceptible to X-ray treatment as the mitotic resting 
stage. 

THE EFFECT OF TEMPERATURE ON CHROMOSOME 
SUSCEPTIBILITY TO X-RAYS 


In both plants and animals the mutation rate after X-raying is inde- 
pendent of the temperature at the time of irradiation. We have X-rayed 
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Tradescantia microspores at various temperatures to determine if tem- 
perature at the time of radiation has any effect on frequency of chromo- 
some aberrations. Flower stalks of Tradescantia were placed in thermos 
bottles containing water at different temperatures. The cuttings were 
placed in the thermos bottles about half an hour before raying and kept 
in the bottles during irradiation and for one hour after raying. They were 
then placed in water at room temperature and examined each day for 
about a week. Two series of observations were made, one irradiated with 
a dose of too r at temperatures of 6° and 40°C, respectively, and the other 
subjected to temperatures of 7°, 25°, and 37°C and X-rayed with 2o00r. 
The first series showed no significant difference in percentage of abnormali- 
ties at the two temperatures. Those irradiated at 6°C showed chromosome 
aberrations in 20 percent of the microspores, while those irradiated at 
40°C showed chromosome aberrations in 19 percent of the microspores. 
Similar results were obtained in the second series. The data are shown in 
table 5. The microspores rayed at 37°C do show a higher average percent- 
age of cells with chromosome breaks, but in view of the great variability 
found on different days, the differences in aberrations at different tem- 
peratures are not significant. Evidently there is no temperature coefficient 
for X-ray induced chromosome aberrations. 
TABLE 5 


X-ray effects at different temperatures. Series 8. X200 r. Oct. 18, 1937. Tradescantia microspores. 




















MIC. 
DAYS az9°C AT 25°C AT 37°C COMBINED STE- 
AFTER RILITY 
RAYING TOTAL %BR. TOTAL %BR. TOTAL %HBR. TOTAL %BR. % 
I 148 59 132 65 III 43 391 60 25 
2 103 26 153 17 132 II 388 18 25 
3 63 21 140 9 66 8 269 12 26 
4 57 23 169 10 63 10 289 12 19 
5 78 12 170 17 25 24 273 16 20 
7 142 18 47 19 143 14 332 17 51 
8 56 30 48 23 135 §0 239 40 53 
9 76 46 211 71 137 go 424 73 60 
Total 723 3I 1070 32 812 36 2605 33 


The percentage of breaks based on number of division figures with breaks or fusions in one 
or more chromosomes. 





The temperature experiments were conducted in October, and the 
microspore cycle at this time is about one week, as compared with about 
two weeks in January (cf. table 3). It will be noted that on a cell basis 
the abnormalities induced at meiosis are only slightly greater than those 
at microspore mitotic prophase, but the increase in pollen sterility a week 
after irradiation prevents an accurate comparison. 
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THE RELATION BETWEEN X-RAY DOSAGE AND 
CHROMOSOME ABERRATIONS 

In both plants and animals the mutation rate induced by X-rays is 
directly proportional to the dose. From this relationship it is concluded 
that single “hits” are responsible for the mutations. The accuracy with 
which chromosome aberrations can be analyzed in Tradescantia micro- 
spores makes possible a critical analysis of the relation between X-ray 
dosage and the percentage of chromosome aberrations. 

In the first series of experiments, flowering stalks of Tradescantia were 
subjected to X-ray doses of 150, 300, 600, and 1200 r. The only varying 
factor in the treatment was the length of time necessary for giving the 
respective doses. The cytological observations were made on the third and 
fifth day after raying. A dicentric chromosome was classed as two breaks, 
as were the ring chromosomes. Since 80-go percent of all visible aberra- 
tions are chromosome fusions accompanied by fragments, it makes little 
difference whether we class such aberrations as single or double breaks. 

A second series of buds was subjected to X-ray doses of 100, 200, 400, 
and 800 roentgens. The combined data from both series are shown in 
table 6. The log of the dosage plotted against the log of the percentage of 
aberrations gives a straight line, and leads to the derivation of an equa- 
tion for the relationship between dosage intensity and percentage of 
chromosome breaks. 

YB = (Ir/80)!-*. 
TABLE 6 
Relation of breaks and X-ray dose. 








DOSAGE TOTAL BREAKS % BREAKS (Ir/80)!4% 
1oor 2538 40 1.6 1.4 
150r 1896 48 a5 2.6 
200r 1476 70 4-7 4.0 
300 r 1626 120 7} 7-3 
400 r 3384 332 9.8 11.2 
600 r 1446 275 19.0 20.4 
800 r 2214 796 35-9 31.6 
1200 r 1086 644 59-3 58.0 





It is clear that there is no simple relationship between dosage and per- 
centage of chromosome aberrations. Data obtained from several series of 
observations show that the proportion of single breaks increases directly 
with increased dosage, but since the single and double breaks are difficult 
to differentiate in the complex figures induced by higher dosages, the 
relationship is not completely established. For the double breaks, those 
which result in dicentric and ring chromosomes, the percentage of breaks 
increases in geometric proportion to the dosage. 
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The relation between dosage and chromosome breaks suggests that the 
double breaks are caused by independent X-ray hits. A number of investi- 
gators working with X-ray effects have devised methods for determining 
whether one, two, or more hits are necessary to produce a given effect. 
According to WyckorF and Rivers (1930), if one hit is necessary to kill, 
the survival ratio is e~*", where a is the probability than an electron will 


DESCRIPTION OF TABLE 7 


The relation between dosage and chromosome aberration compared with theoretical curves 
based on equations for 1 hit (%B=1—e-*") and 2 hits [%B=1—e-*" (1+<an)] reactions. Single 
breaks tend to occur in direct proportion to dosage. 
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hit the object and m is the number of electrons shot at the object. If two 
hits are necessary to produce the effect, the survival ratio is e~*"(1+ am). 
Applying these formulae to our data, we have determined the theoretical 
curve for chromosome aberrations at various dosages assuming that one 
hit is effective (%B=1—e-"), and that two hits are necessary [%B= 
1—e-™ (1+-an)]. We have, in each case, taken an arbitrary value of an 
which will give the observed percentage of aberrations at 15or. The the- 
oretical curves and the observed values are shown in table 7. It is evident 
that the observed values approach the theoretical curve based on the 
assumption that two hits are necessary to break two chromosomes or 
chromosome arms, although it is possible that some of the dicentric and 
ring chromosomes are produced by a single hit. The single breaks -are 
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evidently caused by single hits, even though the chromosome may be 
split into two chromatids at the time of breakage. 
DISCUSSION 

Most of the earlier analyses of chromosome aberrations induced by 
X-rays were based on the assumption that a single hit was so localized 
in its effect that only a single chromatid could be broken at a given locus. 
CARLSON (1937), working with irradiated somatic cells of Chortophaga, 
finds that an X-ray hit can break one or both of the two sister chromatids. 
KAUFMANN (1937) finds complex chromosome rearrangements following 
X-radiation of Drosophila sperm and concludes that sister chromatids 
can be broken simultaneously at the same locus by secondary effects of a 
single hit. This cytological work is in accord with the genetic results of 
PATTERSON (1933) and Moore (1934). 

The fact that both chromosome and chromatid breaks occur at meta- 
phase and anaphase from 7 to 72 hours after raying the Tradescantia 
microspores, clearly indicates that a single hit can break one or both 
chromatids at the same locus. Chromosome and chromatid breaks often 
occur in the same cell, and may occur in the same chromosome. It seems 
highly improbable that the time of splitting of the chromosome varies 
from 7 to 72 hours before the chromosomes reach the metaphase stage. 
The proportion of chromosome aberrations produced by different amounts 
of irradiation also indicates that some of the fusions may be caused by a 
single hit which breaks two adjacent chromosomes. 

Most of the X-ray tests show chromatid breaks when the nucleus is 
irradiated in the prophase stage, and chromosome breaks when rayed in 
the resting stage (RILEY 1936). However, MATHER (1937) does find only 
chromatid breaks for 160 hours after irradiation of Allium microspores, 
and we find a few chromatid breaks in Tradescantia microspores which 
were irradiated at meiosis or at the beginning of microspore development. 
In both Drosophila (PATTERSON 1933, MOORE 1934) and Zea (STADLER 
and SPRAGUE 1936) the genetic results indicate that irradiation of gametes 
produced both chromosome and chromatid mutations. If, as Mather 
admits, chromatid breaks are found in irradiated male gametes, it is 
probable that all the chromosomes are split, but many hits involve both 
chromatids at the same locus. The greater percentage of fractional 
deficiencies induced in Zea by ultra-violet as compared with X-ray effects 
(STADLER and SPRAGUE 1936) can be attributed to greater localization of 
ultra-violet effects. The X-rays may break both chromatids in the irradi- 
ated gametes, while ultra-violet rays usually break only one of the two 
chromatids. If chromosome breaks are dependent on the wave length of 
the radiation and the proximity of the chromatids, the occurrence of 
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chromosome breaks at the resting stage does not prove that the chromo- 
some is single at this stage of nuclear development. The cytological studies 
of Huskins and HunTER (1935), KAUFMANN (1937), CARLSON (1937), 
and MATHER (1937), all show that the chromosome is split early in the 
resting stage. The split may occur earlier, as NEBEL (1937) maintains, 
although the studies based on direct observation of the duality of the 
chromosome are not so critical. 

Chromosome breaks and fusions have been attributed to two different 
mechanisms, fusions followed by breaks, and breaks followed by a fusion 
of broken ends. The behavior of irradiated Tradescantia chromosomes 
strongly supports the second hypothesis. While it is true that the earliest 
induced aberrations are chromosome fusions, these are seldom accom- 
panied by chromosome fragments and are of little significance in the 
production of permanent chromosome aberrations. The conclusions based 
on these temporary fusions (MARSHAK 1937) are not valid so far as per- 
manent X-ray effects are concerned (MARQUARDT 1937 and WHITE 1937). 
These primary fusions are induced also by heat (SAx 1937) and by age 
(BARBER 1938). 

All breaks during the first 24 hours after irradiation of Tradescantia 
microspores are single chromatid and chromosome breaks. Irradiation of 
the resting nuclei also produces single breaks, although fusions are much 
more frequent at this stage. These single chromatid and chromosome 
breaks can not be attributed to fusions followed by breaks. The evidence 
that most of the fusions between different chromosomes are dependent 
on two adjacent hits also indicates that the breaks occur first, followed by 
fusion of broken ends (cf. table 7). 

The mutation rate is directly proportional to the dosage of X-rays, 
while the chromosome aberrations show a geometric increase with in- 
creased dosage. If mutation is associated with chromosome aberration, one 
might expect the dosage relationships of mutation and chromosome 
aberration to be similar. But more than 80 percent of the chromosome 
aberrations which can be detected involve fusions between different 
chromosomes, or between different arms of the same chromosome. These 
aberrations, as well as the simple deficiencies, will tend to be eliminated in 
successive cell generations, and most of the aberrations which survive 
will be reciprocal translocations, inversions, and small deficiencies. The 
small inversions and deficiencies can be induced by the effects of a single 
X-ray hit. 

If mutations are caused by chromosome rearrangements, as several 
geneticists have suggested (GoLDSCHMIDT 1938), most of the structural 
changes must involve small aberrations which are induced by single hits. 
The internal structure of the chromosome offers a clue to the possible 
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mechanism of such changes. The chromosomes are in the form of relaxed 
coiled chromonemata during the resting stage. At early prophase, new 
minor spirals develop as the relic coils disappear. The gyres of the new 
minor spirals increase in size and decrease in number, so that at metaphase 
there are 20 to 25 coils per chromosome in the Tradescantia microspore 
(Sax and SAx 1936). A single X-ray hit can break two adjacent gyres, 
and the reunion of broken ends in new associations will produce small 
deficiencies and inversions. This mechanism is essentially the same as 
Hustep (1937) finds occurring spontaneously in Pancratium. The dia- 
grams (textfig. 1) showing these structural changes are based on HusTED’s 
illustrations. 


Bd - QM = 





TEXTFIGURE 1. Postulated mechanism for production of small deficiencies and inversions. 
Breaks in two adjacent gyres of the coiled chromonema, followed by a criss-cross reunion, will 
produce a ring deletion which is either locked around the chromonema or is free. Breaks in two 
adjacent gyres followed by reunion of adjacent ends will lead to a small inversion. 


The size of the deficiency or inversion will depend upon the diameter of 
the chromonematic spiral. The diameter of the gyre will vary at different 
periods in the mitotic cycle. At earliest prophase, two types of spirals 
are found,—large relic spirals and the new minor spirals of very small 
diameter. At metaphase, the deletion or inversion of a gyre would involve 
about 4 or 5 percent of the length of the chromonema in a single Trades- 
cantia chromosome. Fragments at least this small are found occasionally 
in irradiated microspores (figs. 21 and 27). If a similar mechanism be 
postulated for “molecular spirals” (DARLINGTON 1937), the aberrations 
could not be detected cytologically and might be considered as chemical 
changes in the gene. 

The differential susceptibility of nuclei at different stages of develop- 
ment is common for both X-ray-induced mutation and induced chromo- 
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some aberrations (MARSHAK 1935). This differential susceptibility has 
been attributed to differences in pH (ZIRKLE 1936), to water content 
(GUSTAFSSON 1937), and to differences in amount of chromatin around 
the gene string (MARSHAK 1935). The differential susceptibility of meiotic 
and mitotic nuclei is difficult to reconcile with differences in pH involving 
the isoelectric point during each of the nuclear cycles. STADLER finds no 
differential mutation rate in X-rayed seeds which differ in water content, 
and GusTAFsson’s observations on chromosome fusions may be attributed 
to the initiation of prophase stages induced by the absorbed water. The 
chromatin around the gene string certainly could not serve as an insulation 
against X-ray hits, although it might reduce the flexibility of the gene 
string so that broken ends could not fuse in new associations. As Goop- 
SPEED has suggested, the cellular activity seems to play a part in X-ray 
susceptibility. As applied to the chromosomes, it appears that the period 
of greatest sensitivity to irradiation is correlated with the greatest activity 
in the coiling mechanism, both minor coiling and relational coiling. At 
this time the chromosomes appear to be under torsional strain, and some 
of the breaks will be prevented from rejoining in the original position, 
and adjacent breaks in adjacent chromatids or chromosomes will join in 
new associations (CATCHESIDE 1936). The great susceptibility of meiotic 
prophase chromosomes can be attributed to relational coiling of both 
chromatids and chromosomes and the greatly increased length of the 
chromonemata which would provide greater opportunity for union of 
breaks in adjacent chromosomes. Gross chromosome aberrations would not 
be expected frequently in the metaphase chromosomes, owing to closely 
coiled spirals, or in the resting stage where the chromosomes are not under 
much torsional strain. The distribution of X-ray-induced mutations is 
not at random in the chromosomes of Drosophila (GowEN and Gay 1933), 
and chromosome breaks are not at random in Crepis (LEwitsky and 
SIZOVA 1935), or in Tradescantia. The concentration of breaks in the 
proximal half of the chromosome arms may be associated with greater 
mechanical stress in that region. The differential susceptibility of different 
stages of nuclear development and of different chromosome loci indicates 
that permanent breaks and fusions are, in part, dependent upon secondary 
factors which are effective during irradiation. 

Various attempts have been made to determine the size or diameter of 
the sensitive volume of the gene string by radiation-genetic and cytological 
methods. The number of electrons from the X-ray source which strike a 
nucleus or chromosome can be calculated approximately from physical 
data. The number of effective hits is measured by the mutation fre- 
quency or the frequency of chromosome aberrations. From these data the 
size or diameter of the essential part of the gene string is determined. 
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Assuming that the gene is spherical, GowEN and Gay (1933) found the 
diameter of the sensitive volume to be 0.o1u. MARSHAK (1937), working 
with plants, estimates the diameter of the gene string to be .oorp, while 
HASKINS and ENZMANN (1938) calculate the diameter of the sensitive 
volume as .o14u. At best, these determinations are only rough approxi- 
mations, and are subject to other errors because it is assumed that every 
hit in the sensitive region of the gene string produces a chromosome break 
or mutation, regardless of the state of development of the nucleus. How- 
ever, the use of these measurements of sensitive volume is of some interest 
as applied to chromosome breaks in irradiated Tradescantia. Using 
MARSHAK’S calculation of the number of electrons which strike a given 
nuclear area per roentgen of dosage, we can estimate the theoretical 
number of X-ray hits striking the chromosomes of Tradescantia. The 
total length of the haploid gene string in the six chromosomes of Trades- 
cantia is approximately 48ou. If the diameter of the essential part of the 
gene string is .ootp. as estimated by MARSHAK, we should expect 1.5 hits 
per cell at 15or, but if the gene string has a diameter of .o1, as calculated 
by GOwEN and Gay, we should expect 15 hits in the chromosomes of a 
single microspore. The actual number of breaks induced by 15or at the 
time of greatest sensitivity in meiosis is about 3; at mitotic prophase, 
about 0.7; and at the resting stage of the microspore nucleus, about o.2 per 
cell. If the maximum number of breaks is a measure of hits, the diameter 
of the actual gene string of Tradescantia chromosomes is between .o1 and 
.ootu. But if any part of the visible chromonema is hit by an electron, 
the secondary effects could certainly spread far enough to cause breaks 
in the gene string, since a single “hit” can break two chromatids which are 
at least o.1u apart. Since the chromosomes are visible at the stage of 
greatest elongation at leptotene and early pachytene, we can take the 
diameter of a visible chromonema as about o.1y. Calculated on this basis, 
the total number of hits in all chromosomes of a microspore would be 
150 at a dosage of 1sor. The relatively great X-ray intensities used to 
induce mutations in plants and animals also indicate that few X-ray hits 
are effective in inducing mutations. 

The cytological evidence indicates that many of the breaks induced by 
X-ray hits do not lead to permanent aberrations. The fact that ten times 
as many aberrations are induced at meiotic prophase as are induced at 
the microspore resting stage with the same dosage, suggests that most 
of the potential breaks induced at the resting stage result in no change in 
chromosome morphology. The chromosome fusions are dependent on 
simultaneous breaks in closely adjacent chromosomes, while simple breaks 
and terminal deletions would be expected at any locus, and yet more than 
80 percent of the visible aberrations are chromosome fusions. This rela- 
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tionship also suggests that most breaks are temporary. In addition, we 
have the evidence from direct observation. Achromatic lesions are fre- 
quent, and _ these appear to be induced by partial breakage or by a 
reunion of broken ends. The evidence from pollen sterility shows that few 
of the X-ray hits produce haploid lethals. Evidently few of the hits on 
the gene string and its surrounding chromatin are effective in producing 
either permanent chromosome aberrations or mutations. 

In many respects the X-ray-induced breaks resemble the spontaneous 
breaks occurring at the time of crossing over. They occur most frequently 
at the time of differentiation of sister chromatids; broken ends usually 
reunite with other broken ends; the distribution of breaks which lead 
to aberrations is not at random in the chromosome; and there is no 
evidence that the break is the direct cause of mutation. 

The fact that there is no temperature coefficient for X-ray-induced 
chromosome aberrations or mutations indicates that the X-ray effect is 
immediate and is not due to delayed chemical reactions. There is no 
evidence for any delay in either the breaking of chromosomes or the pro- 
duction of mutations following irradiation. 

It is well known that broken ends of chromosomes have a strong tend- 
ency to fuse with other broken ends, and that the normal ends of chromo- 
somes have characteristics not found at interstitial loci. Permanent fusion 
of normal chromosome ends does not occur even in irradiated cells. In 
some cases a break in a chromosome is followed by the fusion of the ends 
of adjacent broken chromatids. Breaks in inversion bridges at meiosis 
appear to produce a terminal fusion of sister chromatids at the break, so 
that a single bridge is formed at the following mitotic division in the 
microspore (SAX 1937). In the X-rayed microspores, such fusions occur 
when the chromosome is irradiated at late prophase when the chromatids 
are visibly differentiated; but no such fusion occurs if the chromosomes 
are irradiated during the resting stage. At this time, they usually react 
to irradiation as though there were only a single chromonema, and when 
the chromatids become differentiated and are analyzed at metaphase, 
there is no fusion of broken ends of adjacent sister chromatids (figs. 12 
and 22). This behavior indicates that broken ends of chromosomes induced 
by X-rays may function as normal ends and separate freely without fusion 
and bridge formation. It is not clear how these results can be reconciled 
with earlier observations. 

A comparison of X-ray-induced mutations and induced chromosome 
aberrations shows great similarity of the reactions. Both show an immedi- 
ate effect of irradiation; there is no temperature coefficient for X-ray 
effects; there is differential susceptibility to irradiation; and there is 
some evidence of a differential effect at various loci of a single chromo- 
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some. The discrepancy in dosage-response relations can be attributed to 
the elimination of most of the gross chromosome aberrations. The X-rays 
are not unique in their effects on mutation and chromosome aberrations, 
because both changes are produced simultaneously by age, or heat, or 
genetic factors (SAX 1937). 

The similarity in chromosome aberration and mutation response to 
irradiation; the simultaneous production of both chromosome aberration 
and mutations by X-rays, heat, and age; and the fact that many of the 
X-ray hits produce neither chromosome aberrations nor mutations, sug- 
gests that mutations are produced by structural changes in the chromo- 
somes. Mutations frequently are associated with chromosome aberrations, 
and several geneticists have suggested that all mutations are caused by 
deletions or chromosome rearrangement (GOLDSCHMIDT 1938). SOKOLOW 
(1937) believes that all mutations are caused by position effects, some of 
which involve only a few bands in the salivary chromosome of Drosophila. 
DEMEREC (1937) finds that many of the X-ray-induced lethals in Dro- 
sophila are associated with chromosome deficiencies; but for spontaneous 
lethals and for visible mutations, no corresponding chromosome aberra- 
tions could be detected in the salivary gland chromosomes. Moreover, 
many known translocations and inversions in both plants and animals 
are not associated with any phenotypic differentiation. If mutations are 
caused only by chromosome aberrations, many of the changes must be 
of a submicroscopic order, and the distinction between gene changes and 
position effect becomes arbitrary. 


SUMMARY 


An analysis of X-ray induced chromosome aberrations in Tradescantia 
microspores has shown that :— 

1. The first recognizable aberrations are fusions of sister chromatids 
with no acentric fragments. The more significant visible aberrations which 
appear later include terminal deletions of chromatids and chromosomes, 
chromatid and chromosome fusions accompanied by acentric fragments, 
and reciprocal translocations. 

2. Chromosome rearrangements are caused by breaks followed by fusion 
of broken ends. 

3. The effects of a single X-ray “hit” can break one or both sister 
chromatids, and may break two adjacent chromosomes. 

4. Most of the X-ray “hits” cause no permanent breaks in the chromo- 
some and have no lethal effect on the male gametophyte. In many respects 
the induced breaks are similar to natural breaks occurring at the time 
of crossing over. 
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5. The chromosome is split early in the resting stage of the nucleus, 
and may be split earlier. 

6. The percentage of gross chromosome aberrations increases geometri- 
cally with increased X-ray dosage, indicating that most of the chromosome 
fusions are dependent upon two independent adjacent hits. Most of these 
aberrations are eliminated in a few cell generations. 

7. There is no temperature coefficient for X-ray induced chromosome 
aberrations, indicating that the X-ray effect is not caused by a secondary 
chemical reaction. 

8. There is considerable differential susceptibility to irradiation at 
different periods in the meiotic and mitotic cycles. The greatest frequency 
of chromosome aberrations is associated with greatest chromosome 
activity,—at meiotic and mitotic prophase. 

9. Chromosome breaks do not occur at random in the chromosome. 





10. The relation between irradiation and chromosome aberration is sim- 
ilar to the relation between irradiation and mutation. Small inversions 
and deletions induced by a single “hit” can be attributed to breaks and 
fusions in adjacent coiled chromonemata. 

This work was supported, in part, by a grant from the National Re- 
search Council Committee on Radiation. The writer is indebted also to 
Dr. W. J. Crozier for the use of the X-ray equipment, to Dr. E. V. 
ENZMANN for raying the Tradescantia buds, and to Margery Poole for 
technical assistance. 
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